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Abstract
Intermetallic compounds containing rare-earth (R) elements have received considerable
attention due to their remarkable physical properties and in particular their fascinating
magnetic attributes that are not found among any other elements in the periodic table.
This study is motivated by the family of R3T4X13 intermetallic compounds, in particular
the Sm3T4Ge13 (T = Co, Rh, Ir) ternary system. Substituting the transition metals (T =
Co, Rh, Ir) is expected to have an influence in physical properties, as each transition metal
has different electron configuration. From the electron configuration of Rh ([Kr]4d85s2),
there are eight electrons in the d-electron shell which indicate that Rh has a lower spin
state. Whereas, Co ([Ar]3d74s2) and Ir ([Xe]4f145d76s2) has seven electrons in the d-
electron shell allowing them to have a higher spin state as compared to Rh. Furthermore,
Ir has the most stable valence of 4+ which signify that Ir is giving more electrons to the
conduction electrons as compared to Co and Rh, thus anomalous behavior is expected to
its relative compound. The cubic 3:4:13 compounds are among the most accomplished
rare-earth series in their diversity of physical properties and the rare opportunity they
offer to study magnetic interactions in a controlled and systematic manner. Samarium has
received less attention in both the stannide (R3T4Sn13) and germanide (R3T4Ge13) series.
This study seeks to add new knowledge about Sm-based compounds in the 3:4:13 series.
This dissertation reports on the synthesis and investigations of physical properties of
Sm3T4Ge13 (T = Co, Rh, Ir) compounds. The study starts with the synthesis of the
samples using a direct argon-arc melting method, followed by characterization using high-
resolution powder X-ray diffraction and full-profile refinement of the diffraction spectra.
The samples were annealed in the range of temperature 700 ◦C and 900 ◦C. The estimation
of elemental composition and homogeneity of the prepared samples were performed on an
electron microprobe by means of wavelength dispersive spectroscopy (WDS). The physi-
cal properties explored were: magnetic susceptibility χ(T ), magnetization M(B), specific
heat Cp(T ), electrical resistivity ρ(T ), thermal conductivity κ(T ), Hall effect RH(T ) and
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thermoelectric power S(T ). The physical and magnetic properties were surveyed with a
commercial physical property measurement system (PPMS) and magnetic property mea-
surement system (MPMS) both from Quantum Design, in San Diego.
The results of χ(T ) for Sm3Co4Ge13, Sm3Rh4Ge13, and Sm3Ir4Ge13 signify a phase
transition putatively of an antiferromagnetic nature at TN = 6.2, 5.0, and 3.5 K, respec-
tively. The antiferromagnetic nature and the ordering temperature in all three compounds
proved to be field insensitive. The antiferromagnetic ground state in the compounds is
supported by the negative Weiss temperature (θp) and the magnetization which is linear
in magnetic field below the phase transition temperature. From specific heat analyses the
magnetic ordering in the title compounds is founded in the Kramers ion J = 5/2 multiplet
that produces a doublet ground state under the action of a crystal electric field.
The Cp(T ) and χ(T ) results of Sm3Co4Ge13 and Sm3Rh4Ge13 indicate corresponding
antiferromagnetic ordering at the above mentioned Ne´el temperatures. On the other hand,
Cp(T ) results for Sm3Ir4Ge13 exhibit an additional anomaly associated with an unknown
transition at T1 = 2.5 K. Effects of this second transition in Sm3Ir4Ge13 were also observed
in the electrical resistivity. A further interesting aspect noted in the electrical resistivity is
that all three compounds exhibit semiconducting-like behaviour with negative temperature
coefficients throughout the assessed temperature range.
The thermal conductivity, κ(T ) of the compounds show a very weak temperature de-
pendence and it is demonstrated that phonons are the predominant heat carriers. This
observation has support in both the semiconducting-like electrical resistivity as well as in
the Hall coefficient results which indicate holes as the major charge carriers in Sm3Co4Ge13.
The thermopower, S(T ), is positive and large over the investigated temperature range, re-
sembling a hole dominated character near the Fermi surface as is the case with the Hall
coefficient results. We have applied a phenomenological description to the temperature
dependence of the thermelectric power over a broad range of temperature and the results
interestingly suggest that in the investigated three Sm compounds there is a non-trivial
amount of 4f-electron spectral weight at the Fermi energy. This suggests the possibility of
vi
electronic correlations in these compounds.
The decrease in the phase transition (TN), effective moment (µeff), and Sommerfeld
coefficient (γ) of respective compounds may be attributed to an increase of cell volume,
covalent radius, and contraction of ionic radius starting from Co through Rh to Ir. However,
it is worth noting that not only the increase in cell volume may be responsible for changes
observed in the physical properties, but also the decrease of peak position of the band
center, 0 relative to the Fermi energy, f in the 4f electron band may be responsible for
low values of TN, µeff, and γ from Co to Ir.
vii
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Chapter 1
Introduction
It is well known that all elements have a unique place in the periodic table, but the
series of rare earth elements have extraordinary properties. These elements are fifteen and
start from the atomic number, Z = 57 (Lanthanum) to Z = 71 (Lutetium). Scandium
and Yttrium are also included since they are similar in their core shells on account of
Sc[Ar]3d14s2, Y[Kr]4d15s2, and La[Xe]5d16s2. It is well known that most of the rare earths
possess magnetic behavior based on the 4f orbitals. The magnetic properties associated
with the 4f electrons are due to the local moment connected with Hund’s rule ground
state formed. However, strongly correlated and hybridized state may also display certain
4f electronic configuration. Most rare earths appear in compounds in their trivalent (3+)
state and this is also common in metals. In their trivalent state, La has an empty 4f
shell and zero 4f electron, up to completely filled and fourteen 4f electrons for Lu. Since
the stability of full and half-filled shells, Yb and Eu also appear in their divalent (2+)
state while Ce can also appear in quadrivalent (4+) state. The chemical properties of the
trivalent ions are similar due to the fact that electrons in the outermost shells are identical
in the 5s25p6 configuration as that of neutral xenon [1].
In quantum mechanics, atomic electrons possess an intrinsic spin and orbital angular
momentum which give information about the magnetic moments observed in the rare-
earth elements and compounds. Magnetic properties of d-electron transition elements
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and rare earths including their intermetallic compounds are driven by semi-filled d- or
f-electron shells. In elements and compounds having an f-electron element as the source
of magnetism, the mostly localized or atomic nature of the f-electrons govern the nature
of the magnetic properties, whereas in d-electron elements and compounds these unpaired
electrons have a much more delocalized or itinerant nature which produces a much more
spatially extended nature of the d-electron wave function. The ionic radii of trivalent rare
earths contract from La to Lu which leads to a decrease in the unit cell volume. This is
referred to as lanthanide contraction due to the increased Coulomb attraction between the
nuclei and the 4f shell electrons.
Atomic magnetism, as opposed to magnetism associated with the nucleus, has its origin
in spin- and orbital components of magnetism. The magnetic moment of a circular current
(I) carrying loop around the nucleus is µ = I × A, where A is the area enclosed by a
loop. On the other hand, for the magnetic moment owed to an orbital angular momentum
quantum number, L of the electron [1]:
µL = − |e|
2me
L (1.1)
where e and me are the electron charge and mass of an electron, respectively. Orbital
magnetic moment, µL is quantized in units of ~ where we define the Bohr magneton as
µB = e~/2me and write µL = µBL/~. An electron has a spin quantum number, s = ±1/2
that gives rise to spin angular momentum S, and the corresponding magnetic moment due
to spin angular momentum is given as:
µS = − |e|
2me
gS, (1.2)
where g is the magnitude of free electron known as g-factor. The spin angular momentum
of an electron exists whether the electron is bound to an atom or not.
Discrete spins pair via an mutual interaction and yield a total spin S while the Coulomb
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interaction joins all the orbital angular momenta towards total orbit angular momentum,
L. The merging of spin angular and orbital angular momentum of unpaired electrons gives
rise to total angular momentum, J . The total angular momentum J of 4f-electron is defined
as the consolidation of two vectorial components, L and S. The magnetic properties at all
accessible temperatures are determined by S and L states of the lowest energy where the
exchange and Coulomb interactions are sufficiently large. The total angular momentum of
4f-electron ground state is found in Hund’s rule where maximized S values also maximizes
L. This corresponding quantum number results in the values for the tri-positive rare earth
ions shown in table 1.1. It is evident from the table, shells that are less than half-filled
starts from Ce to Eu, J = |L − S|, and for shells that are half-filled and more than half-
filled starts from Gd to Yb, J = |L + S|. A shell that is completely filled has L, S and
J equal to zero, with that the shell is magnetically inert except for a weak diamagnetic
contribution.
Table 1.1: Rare earth elements in ionic state with their properties [1, 2].
Ground
Ln Ln3+ L S J state gJ gJ
√
J(J + 1) gJJ
La 4 f0 0 0 0 1S0 − 0 0
Ce 4 f1 3 1/2 5/2 2F5/2 6/7 2.54 2.3− 2.5
Pr 4 f2 5 1 4 3H4 5/4 3.58 3.4− 3.6
Nd 4 f3 6 3/2 9/2 4I9/2 8/11 3.62 3.5− 3.6
Pm 4 f4 6 2 4 5I4 3/5 2.68 −
Sm 4 f5 5 5/2 5/2 6H5/2 2/7 0.85 1.4− 1.7
Eu 4 f6 3 3 0 7F0 0 0 3.3− 3.5
Gd 4 f7 0 7/2 7/2 8S7/2 2 7.94 7.9− 8.0
Tb 4 f8 3 3 6 7F6 3/2 9.72 9.5− 9.8
Dy 4 f9 5 5/2 15/2 6H15/2 4/3 10.65 10.4− 10.6
Ho 4 f10 6 2 8 5I8 5/4 10.6 10.4− 10.7
Er 4 f11 6 3/2 15/2 4I15/2 6/5 9.58 9.4− 9.6
Tm 4 f12 5 1 6 3H6 7/6 7.65 7.1− 7.5
Yb 4 f13 3 1/2 7/2 5F7/2 8/7 4.54 4.3− 4.9
Lu 4 f14 0 0 0 1S0 − 0 0
3
The effective moment of the rare earth ion is defined as:
µeff = gJµB
√
J(J + 1), (1.3)
where gJ is a Lande´ g-factor given by;
gJ =
3
2
+
[
S(S + 1)− L(L+ 1)
2J(J + 1)
]
. (1.4)
The magnetic susceptibility in rare earth elements is defined as the derivative of the mag-
netization per unit volume over the strength of magnetic induction available inside the
material is expressed as:
χ =
[
∂M
∂H
]
= NA
(gJµB)
2
3
J(J + 1)
kBT
=
C
T
, (1.5)
where this susceptibility is valid at high temperatures with C the Curie constant in relation
to the effective moment is given as:
C =
NA
3kB
µeff , (1.6)
where kB is the Boltzmann constant and NA the Avogadro number. The modification
made to equation 1.5 which incorporates a parameter, θ to signify the interaction between
the neighboring unpaired 4f electrons leads to a Curie-Weiss Law:
χ =
C(
T − θp
) , (1.7)
with θp being a paramagnetic Weiss temperature.
Thermoelectric materials have attracted great attention from world-wide research
groups because of their unique applications. Thermoelectricity is a general phenomenon
that can be seen in practically all conducting materials where heat and charge transport are
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able to occur simultaneously. The concept of a thermoelectric device when configured in the
heat-to-electricity architecture is to recycle waste heat and transform it back to electrical
energy. In that sense this converts waste into something useful through an environment-
friendly and sustainable process. For a very long time, bismuth telluride-based alloys have
been known to be the best bulk thermoelectric materials with the highest dimensionless
figure of merit, ZT. In recent years, robust and wide-spread research efforts have been
underway to find new bulk materials with ZT values greater than 1.
The most striking feature of these materials is that they possess very low thermal
conductivities while maintaining good electronic transport. These specific properties are
aimed to be connected in respective of new classes of rare-earth and other innovative
materials with favorable dimensionless figure of merit ZT = S2T/(ρκ), where Z is the
figure of merit, T is the temperature, S is the thermoelectric power, ρ is the electrical
resistivity, and κ is the thermal conductivity. Exploring new materials, structures and
compounds play equally important roles in broadening our understanding of magnetism
in correlated matter and providing evidence from which to build the necessary theoretical
development. One materials class that has attracted particular attention is the so-called
cage structure compounds which contains rare-earth elements as guest atoms to achieve
the potential candidates for thermoelectric application. The cage systems allow foreign
atom to fill the void present in the crystal structure and as a result rattling of host atoms
promotes scattering of heat carrying phonons (lattice vibrations) which in turn results in
the advantage of reduced lattice thermal conductivity. Therefore, applications in energy
is a key reason for studying thermoelectricity.
The R3T4X13 series is known to crystallize in the cubic space group, Pm3¯n, which
is referred to as Remeika phases [3]. However, the literature also refers to these phases
as either Pr3Rh4Sn13-structure type [4], or the Yb3Rh4Sn13-structure type [5]. Thus, this
allows the occupation of R and T atoms on single site, and two sites for X atom. Research
studies revealed that some R3T4X13 intermetallic compounds exhibit robust superconduc-
tivity, heavy fermion behavior, magnetism, intermediate valence behavior, charge density
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wave and giant magnetoresistance. In R3T4X13 series, it known that a R is either a rare
earth element, d-electron element (i.e Sc or Y), alkaline earth element (i.e Ca or Sr), or
actinide element (i.e Th or U); T is a d-electron element and X is a p-electron element (i.e
In, Ge, or Sn).
The report of Mahan and Sofo [6] showed that the location of a delta-function electron
density of states close to the Fermi energy gives rise to a maximum value of the Seebeck
coefficient and this is most closely realized in nature by the f-electron level of the rare-
earth ion in solids due to the typical localized nature of rare-earth ions in their solid state.
From recent literature, it has been shown that there are R3T4X13 compounds that form in
different structure type than the one with a space group of Pm3¯n. U3Ir4Ge13, Lu3Ir4Ge13,
Y3Pt4Ge13, Yb3Pt4Ge13, and La3Rh4Sn13 crystallizes with the different space group [7–10].
Samarium is one of the elements that has received comparably less attention in the
family of ternary intermetallic compounds of composition R3T4Ge13. This has opened an
opportunity for us to fill the gap since these properties have not been explored much.
The existence of Sm3Ru4Ge13 is credited to Venturini et al [11] and Nair et al [12] who
reported physical properties of the compound for the first time. Sm3Ru4Ge13 is identified
as a low charge carrier density system with unusual field-insensitive heavy fermion features,
whereas the thermoelectric attributes in this compound were shown to be very similar to
those of the filled skutterudites [12]. It was found that the thermopower of this particular
compound behaves similar to that of Y3Ir4Ge13 [13]. However, the latter compound has no
robust magnetic elements whereas Sm has f-electrons responsible for magnetic properties.
Moreover Sm is in a relatively unique situation among the lanthanide elements in that it has
its excited Hunds rule multiplet in its crystal electric field dispensation in close proximity
to the ground state, which has consequences on multiplicity of its magnetic levels as well
as a high spin degeneracy.
The rest of this dissertation is arranged as follows:
Chapter 2 provides an overview of thermoelecticity by looking at electrical and thermal
transport theory.
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Chapter 3 presents detailed experimental methods followed in this dissertation including
sample preparation, characterization and measurement techniques.
Chapter 4 presents experimental results and discussions obtained from experiments on
Sm3T4Ge13 (T = Co, Rh, Ir).
Chapter 5 presents a summary of findings reached in this study, conclusions drawn
from the analyses, and an outlook towards further studies aligned to this project.
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Chapter 2
Thermoelectricity
[1–3, 6–8]
2.1 Thermal transport
The thermoelectric effects governs the conversion of heat energy into electrical energy
and vise versa. This phenomenon has been known and studied since early 80’s and the
development of current technologies due to demand of waste heat restoration have been
attended to. Fabricated thermoelectric elements has made it possible to put thermoelectric
application into action through generators and refrigerators [1]. Up-to-date most dominant
material that gives sufficiently large thermoelectric coefficients are semiconductors. Studies
on metals have been conducted, particularly their electronic structures and scattering
processes. The materials property based on the heat flow and electricity can be described
by the thermoelectric effects. The thermoelectric effects are Seebeck effect and Peltier
effect [2].
2.1.1 Seebeck effect
The Seebeck effect was first discovered by Thomas. J. Seebeck in 1821 and published in
1822, the direct conversion of heat to electricity is based on Seebeck effect. In a conducting
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material, Seebeck effect defines the relationship between an electric fields due to temper-
ature gradient. The temperature gradient causes charge carriers (i.e electrons or holes) to
move from hot to cold side of a bar material. These charge carriers, carry the heat due to
heat current, ~Q. Seebeck effect of a material builds up positive voltage difference this is
regarded as hole effect and electron effect if negative.
Thermoelectric power
It is important to understand the behavior of electrical and thermal transport in thermo-
electric materials in order to select a good candidate for thermoelectric application and
optimize their performance in terms of dimensionless figure of merit (ZT ). Electrons in a
metal possess substantial kinetic energy and in the absence of external forces, then no net
transfer of charge energy is expected through any cross section of a metal. The equilib-
rium state of electrons is described by a distribution function in an isolated system, which
expresses the probability of occupation of an electron state with energy, E. In equilibrium,
time-dependent distribution must satisfy the expression of transport equation [3]:
df(~k, ~r, t)
dt
=
∂f(~k, ~r, t)
∂t
+∇~rf(~k, ~r, t)dr
dt
+∇~kf(~k, ~r, t)
dk
dt
=
[
∂f(~k, ~r, t)
∂t
]
c
, (2.1)
where carrier distribution function f(~k, ~r, t) is described by Boltzmann transport equa-
tion which presents the average number of particles in a state described by the position
vector ~r and wave vector ~k at time t. The rate of change of distribution function with
time due to collisions when carriers scatter can be described in terms of relaxation time τ
is given by:
[
df
dt
]
c
= −
[
f − f0
τ
]
, (2.2)
where f and f0 are equilibrium and slightly perturbed distribution function, respec-
tively. Thermoelectric power can be determined from Boltzmann transport equation. Cul-
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ter and Mott [4], derived diffusive expression originating from thermal diffusion of charge
carriers, given by:
S(T ) = −kB
q
1
σ
∫ ∞
0
σ(E)
[
E − EF
kBT
][
df0(E)
dE
]
dE, (2.3)
where q is the charge of an electron, EF is the Fermi energy, σ(E) electrical conductivity
and kB the Boltzmann constant. The degenerate condition is satisfied when kBT  EF ,
and equation 2.3 is simplified to Mott expression:
S(T ) =
pi2k2BT
3q
[
∂ lnσ(E)
∂E
]
E=EF
. (2.4)
For spherical Fermi surface, thermoelectric power can be expressed in terms of electrical
conductivity σ and relaxation time τ , given as:
σ =
2
3
q2N(E)v2(E)τ(E), (2.5)
S(T ) =
pi2k2BT
3q
[
∂ lnN(E)
∂E
+
∂ ln v2(E)
∂E
+
∂ ln τ(E)
∂E
]
E=EF
(2.6)
The Mott relationship equation 2.4, can be written as the sum of all several contributions
related to energy dependence of N(E), v(E) and τ(E). However, the most simplified
situation only the energy dependence of N(E) gives non negligible contribution so that
thermoelectric power in free electron can be expressed as:
S(T ) =
pi2k2BT
3qEF
. (2.7)
2.1.2 Peltier effect
The Peltier effect was discovered by Jean Peltier in 1834 as companion of the Seebeck
effect. As in Seebeck effect, Peltier effect occurs when a current passes through a wire,
carrying thermal energy that the temperature of one end of the wire decreases as the other
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increases. With this effect heat can be absorbed or liberated in the direction of current.
If heat at one end of a material is greater that the heat on the other end, the sum of heat
currents lead to heat flow away from the interface. Peltier effect can be described by linear
relations, ~Q = ΠI, where Π denotes Peltier coefficient and I applied current. Peltier effect
is mostly used in solid state coolers [1]
2.1.3 Thermal conductivity
[3, 6]
Heat in solid materials can be transferred by charge carriers either electrons or holes,
spin waves, lattice waves (phonons) or by any other excitations. Heat in metals are mostly
carried by electrical carriers (i.e electrons or holes), whereas in insulators heat is mostly
carried by lattice waves. The materials ability to conduct heat is referred to thermal con-
ductivity, κ. In this dissertation we mainly discuss two contributions towards total thermal
conductivity (κT), the electronic contribution (κe) and lattice (phonon) contribution (κL).
These two entities are assumed to be independent from each other and the sum gives:
κT = κe + κL (2.8)
Each material gives different values of thermal conductivity and that can be classified in
different categories, a material can possess a high or low thermal conductivity. Materials
with low thermal conductivity like skutterudites and clathrates to mention the few have
been extensively studied for their high-efficiency thermoelectric materials [3].
Electronic contribution and Wiedemann-Franz law
The free electron theory of electron conduction in solids in the first instance considers each
electron moving in a periodic potential produced by the ions and other electrons without
disturbance, and then regards the deviation from the periodicity due to the vibrations of
the lattice as perturbation [3]. Since electrons carry both charge and energy their flow
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implies both electric and heat currents. In any case, classical electron gas is described
using kinetic theory. Fourier law with electronic thermal conductivity given as:
κe =
1
3
le~vCv (2.9)
where le is the mean free path of electron, Cv is electronic specific heat per unit volume.
Drude writes Cv in terms of molar specific heat Cm:
Cv = Cm
n
NA
=
3
2
kBn, (2.10)
and the classical expression for electron thermal conductivity is:
κe =
nkBle~v
2
. (2.11)
Scattering of electron by phonon is main factor of evaluating electrical and electronic ther-
mal conductivities over a wide temperature range. Even though pure metals are very
good heat conductors, the highest values of thermal conductivity are achieved in cova-
lently bonded insulators with high Debye temperatures [5]. The ratio of electronic thermal
conductivity contribution to electrical conductivity is the same for all metals with ratio
proportional to the absolute temperature, and is defined as Wiedemann-Franz law:
κe
σ
=
3
2
[kB
e
]2
= L0T (2.12)
where L0 = 2.45× 10−8 W.Ω K−2 is the numerical value of Lorenz number. This concept
is famous in metals as mostly heat is transported by electron and this is rigorously held for
highly degenerate electrons gas valid for elastic scattering processes. At high temperatures
Wiedemann-Franz law is well obeyed, whereas at low and intermediate temperatures the
law fails due to inelastic scattering [6].
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Lattice (phonon) contribution
Lattice thermal conduction is the dominant thermal mechanism in non-metals. Atoms in
solids vibrates in their equilibrium positions, that is crystal structure. These vibration of
atoms are not independent of each other but rather strongly coupled with their neighboring
atoms. Vibration of crystal lattice can be characterized by standing waves or normal
modes. The quanta of crystal vibration field are refereed to as phonons [3]. Using the
Debye approximation, the lattice thermal conductivity κL is expressed by:
κL =
1
3
∫ θD/T
0
C(x)vl(x)dx (2.13)
where x = ~ω/ kBT , C(x) denotes the specific heat of lattice within Debye approximation,
θD, the Debye temperature, ω, phonon frequency, v, average phonon velocity and l(x), mean
free path of phonons. Considering phonons in terms of gas experiencing many collisions
between its particles, because of many collisions heat transported by phonons is diffusive
process. Phonons are thermally excited with increasing temperature and the collision
probability among phonons also increases. Therefore, with increasing temperature, thermal
conductivity decreases and at low temperature one has to consider C(x) v T 3 which
implies that κL v T 3. Mean free path at low temperature reaches a limit governed by
boundary and defect scattering of phonon’s. Around the temperature where boundary
and defect scattering starts to dominate the thermal conductivity reaches a maximum. At
high temperatures, the mean free path of phonon’s is mainly limited by scattering processes
with other phonons, the Debye approximate are resistive and are called Umklapp process
or U-process. Its effects is that the directed momentum of phonons is transfered to the
crystal and is lost for the heat transport [7].
15
2.1.4 . Electrical transport
2.1.4 Electrical transport
Electrical resistivity
Electrical resistivity, ρ(T ) in metals or intermetallic compounds may be understood by
understanding which physics describe the way conduction electron behave in a crystal
lattice. The way conduction electron are scattered in a crystal lattice influences materials
physical properties. In experimental, the resistivity is obtained by measuring the resistance
of a material in different types of methods. The material’s resistance can be found in the
form of Ohm’s law:
V = IR (2.14)
where R is the resistance of metallic sample, V is the potential difference and I the current.
Resistivity is used to determine the resistance of the uniform conductor by obtaining
sample’s dimensions. The resistance, R is given by:
R = ρ
L
A
(2.15)
where L is the length of a material and A is the uniform cross-section area of a material.
The Drude theory predicts the correct functional form of Ohm’s law [3]. Drude’s theory
of resistivity may be expressed as:
ρ =
m
ne2τ
(2.16)
with m as the effective mass of an electron, n number of electrons, e charge of an electron
and τ is the relaxation or collision time that an electron scatter. The relaxation time
describes scattering events that occurs as a result of conduction electrons. Since electrons
in a crystal lattice are not perfectly regular and undergoes collision, the relaxation time is
mainly determined but taking into account a number of events such as:
1. The phononic contribution, resulting from lattice vibration,
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2. The statistical imperfection like impurities or crystal defects.
The approximation of scattering processes mentioned above are assumed to act indepen-
dently of each other and known as Matthiessen’s rule, expressed as [7]:
1
τ
=
∑ 1
τi
=
1
τph
+
1
τ0
+
1
τmag
(2.17)
where the first term is the scattering rate of charge carriers due to phonons, second term is
the rate of relaxation time for impurities and third term is the spin fluctuation relaxation
time. The temperature dependent electrical resistivity ρ(T ) is given by:
ρ(T ) = ρ0 + ρph(T ) + ρmag(T ) (2.18)
in which ρ0, is the temperature independent term due to crystal defect and impurities,
ρph(T ) is phonon scattering responsible for temperature dependent resistivity and ρmag(T )
is the magnetic contribution to resistivity. Temperature dependent electrical resistivity of
electron-phonon scattering can be expressed by Bloch-Gru¨neisen Mott formula [9].
ρ(T ) = ρ0 +
4κ
θR
[
T
θR
]5 ∫ θR/T
0
x5
(ex − 1)(1− e−x) − αT
3dx (2.19)
in terms of θR as the Debye resistivity temperature and x = θR/T . The term αT
3 is Mott’s
contribution due to interband scattering of conduction.
Hall-effect
Hall effect suggests the phenomena caused by movement of electric charge carriers when an
external magnetic filed is applied. The Hall effect involves a magnetic and electric fields to
provide details on the sign, concentration and mobility charge carriers. Charged particles
moving in a magnetic field experiences a force oriented perpendicular to both the field and
direction of the particles motion. Charge carriers will be deflected towards one side of the
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slab by Lorentz force [7]:
~FL = q~v × ~B. (2.20)
The force is proportional to the applied magnetic field ~B and the moving electric charge
q with the velocity ~v of charge carriers perpendicular to the magnetic field. When charge
carriers move in parallel direction to that of magnetic field, such that the velocity compo-
nent perpendicular to the magnetic field remains zero, the Lorentz force vanishes. If we
consider an electric current density:
~J = n(−e)∆~vx (2.21)
moving in the x-direction of a conductor and magnetic field B in y-direction with Lorentz
force, it gives:
~FLy = q∆~vx × ~B (2.22)
where ∆~vx is the drift velocity. At equilibrium, right after the build up of the charge, the
electrostatic force ~Ey balances the Lorentz force ~FLy giving:
q∆~vx × ~B = q ~Ey (2.23)
which follows:
|Ey| = |∆~vx × ~B| = ± 1
ne
J ~B. (2.24)
The potential difference induced by this result is called Hall voltage EH , and the sign of
Hall voltage indicates the charge carrier of the sample, and the magnitude of Hall voltage
is related to the charge carriers in the material. The Hall coefficient is defined as the
ratio [6]:
RH = ± 1
ne
(2.25)
with n entitled as number of charge carriers per unit volume in the sample, and e entitled as
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charge of carriers. The Hall coefficient is positive when the majority of charge carriers are
holes and negative for electrons. Upon the applied current on the conductor, positive and
negative electric charges are moved simultaneously towards the same side of the conductor.
A concentration of moving charge carriers in the electrically conductive material can be
determined from the Hall effect.
2.1.5 Specific heat of metals
[3, 6, 8]
Fundamentals of heat capacity
Specific heat of a system is defined by the quantity of heat needed to raise the temperature
of a unit mass of a material by one degree in temperature. The specific heat depends
upon the temperature of a system and on how it was heated, these can be classified by two
principles [8]:
1. Specific heat at constant volume (CV ),
2. Specific heat at constant pressure (CP ).
Both quantities have the units of J/mol.K. All processes involving work and heat are
governed by fundamental laws of thermodynamics, which include quantities that may be
expressed in terms of temperature T , volume V , pressure P and entropy S. When gas is
given a small quantity of heat dQ, part of it goes to increasing the internal energy of the
system and what remains is used up by the system to perform external work. Thus:
dQ = dE − dW (2.26)
where dE is given as change in the internal energy and dW as work done. For a
quasi-static reversible processes between two equilibrium states, when heat is absorbed or
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released by the system over small portion of path for which temperature of the system is
T, the change in its entropy is given in the form:
dQ = TdS. (2.27)
As for an ideal fluid the pressure at any given point is the same in every direction and any
work associated with change in volume is expressed in the form:
dW = −PdV. (2.28)
Therefore, equation 2.26 may be expressed as:
dE = TdS − PdV (2.29)
where dE on the above expression is a perfect differential since internal energy depends
only on the initial and final state of the system and not on the path it takes. The specific
heat at constant pressure is expressed by thermodynamic relationship as [3, 8]:
Cv =
[
dQ
dT
]
v
= T
[
dS
dT
]
v
(2.30)
where the volume and number of particles are kept constant, the heat flow per mole in
quasi-static is required to raise systems temperature by a unit degree. Similarly with
specific heat at constant pressure is expressed as:
Cp =
[
dQ
dT
]
p
= T
[
dS
dT
]
p
(2.31)
with understanding quasi-static process and that pressure and number of particles are held
constant during the process.
Maxwell’s relations are useful in expressing thermodynamics formulas in terms of ex-
perimentally measurable quantities. Mostly experimentally measured quantities is Cp, thus
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corrections from Cv can be made using the expression:
Cp − Cv = T
[
dV
dT
]
v
[
dP
dT
]
p
(2.32)
In general, equation 2.32 is useful for known substances involved or measurable quantities
at known states. The specific heat shows complex behavior in some solids, this may
be due to magnetic or structural phase transition, spin-orientation, electronic or nuclear
excitation to higher energy levels. In such cases, the use of laws of thermodynamics is
sufficient to explain the observed behavior, hence statistical mechanics comes to play. The
major contributor to specific heat of such solids which involves a large number of particles
(i.e atoms, nuclei, molecule etc) is determined by ways in which their internal energies
are distributed among their various modes of excitation. The interaction between these
particles may be analyzed using theoretical model approach in determining different energy
levels, i accessible to the system. Once energy levels higher than the ground state are
populated, the increase of free energy is observed and specific heat rises. Determination of
relevant thermodynamic quantities is obtained from the partition function, Z, expressed
as:
Z =
∑
i
exp
[ −i
kBT
]
, (2.33)
where the summation presents all the allowed states of the system, which allows the cal-
culation of Helmholtz free energy as:
F = −kBT lnZ, (2.34)
with entropy S, internal energy E and specific heat at constant volume Cv determined
from Helmholtz free energy:
E = kBT
2
[
∂ lnZ
∂T
]
v
; (2.35)
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S = −
(
∂F
∂T
)
v
= kB lnZ + kB
[
∂ lnZ
∂T
]
v
(2.36)
and
CvT
[
∂S
∂T
]
= −T
[
∂2F
∂T 2
]
v
. (2.37)
These equations shows that the quantity that arise naturally from determination is specific
heat at constant volume Cv. However, the difference of specific heat at constant pressure
and volume, isothermal compressibility kT and expansion co-efficient β are introduces, one
arrives at:
Cp − Cv = V β
2T
kT
(2.38)
from which:
β =
1
V
[
∂V
∂T
]
p
, kT − 1
V
[
∂V
∂P
]
T
. (2.39)
The specific heat data is mostly obtained at constant pressure in solids, and the difference
between Cv and Cp is negligible at temperatures below 30 K.
Lattice specific heat
The inter-atomic forces hold together atoms or molecules on a regular lattice in solids. A
simple model for a solid can be envisaged as a set of masses connected by elastic springs. At
temperatures well below melting point the vibration of atoms has small amplitude and may
be considered as simple harmonic. The linear harmonic oscillator in thermal equilibrium
with surroundings has a mean internal energy kBT , for one mole of oscillator the average
internal energy is:
E = 3NAkBT = 3RT (2.40)
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giving:
Cv =
∂E
∂T
= 3R. (2.41)
All simple solids are expected to have the same specific heat of 3R = 24.94 J/mol.K at
temperatures where statistical mechanics applies. This is the Dulong-Petit law established
in 1819, where its theoretical justification was given nearly a century later by Boltzmann.
The Dulong-Petit law embodies an important idea: that the specific heat of a substance
depends not on the mass of its atoms but rather on the number of atoms it comprises.
The Einstein model: In the Einstein model, the lattice is considered as a collection
of independent oscillators all vibrating with the same angular frequency ωE. In some ways
this results in the distribution of vibrational modes being a delta function. For a collection
of N , such oscillators:
D(ω) = Nδ(ω − ωE). (2.42)
Average thermal energy of oscillator with frequency ω is (n+ 1
2
)~ω, for each polarization.
Therefore, at the temperature T the average integral energy per mole of the substance in
thermal equilibrium is;
E = 3NRT
[
1
2
x+
x
(ex − 1)
]
, (2.43)
where x = ~ωE/kBT and N is the number of atoms per formula unit. The specific heat
for Einstein expressed as:
Cv
(
θE
T
)
= 3NRT
(
θE
T
)2
eθE/T(
eθE/T − 1)2 , (2.44)
where the Einstein temperature is given as the ratio, θE = ~ωE/kB. However, Einstein
model function does not adequately represent the lattice vibration of all substances at very
low temperatures. In a strongly coupled system such as a solid, it is clearly unreasonable
to assume that all atoms vibrate with the same frequency.
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The Debye model: A fundamental aspect of the Debye model is its ability to link
the elastic and thermal properties of a material, however Einstein and Debye model are
associated with atomic vibrations in the crystal structure. In Debye model, the crystal is
considered as a system of coupled harmonic oscillators, as a result, the model considers
the atomic system to be an elastic, isotropic continuum and determining the distribution
of the allowed frequencies, D(ω). The angular frequency ω of harmonic wave is related to
the wave vector ~k and velocity c by the expression:
ω = c~k, (2.45)
where c is assumed to be a constant. The density of phonon modes in the Debye model is
proportional to the square of frequency, where V is the volume of the solid and is given as:
D(ω) =
V
2pi2
ω2
c3
, (2.46)
while Debye frequency, ωD is related to the Debye temperature
θD =
~ωD
kB
, (2.47)
Separates the low temperature region, where the atomic vibrations are collective behavior
from classical region in which atoms vibrate independently of one another. From the
approximation, the specific heat can be derived from statistical mechanics giving [6, 8]:
Cv = 9NR
(
T
θD
)3 ∫ xD
0
x4ex(
ex − 1)2dx = 9NR
(
T
θD
)3
D
(
θD
T
)
(2.48)
where D
(
θD
T
)
is the Debye function and xD = ~ωD/kBT = θD/T . At very low tempera-
tures, where T  θD the integrals upper limit may be extended to infinity with a negligible
error. Therefore, the specific heat at low temperatures can be easily expressed:
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Cv =
12pi4
5
(
NR
θ2D
)
T 3 = βT 3 (2.49)
At low temperatures the T 3-law is obeyed in specific heat and at high temperatures T 3-
law is due to deviation of D(ω) from assumed ω2-dependence in the temperature interval
θD/50 ≤ T ≤ θD/10.
From the plot of C/T versus T 2 equation 2.49 comes to play as the slope of line β can
be used to determine the Debye temperature θD with the expression:
θD =
[
12pi4NR
5β
]1/3
. (2.50)
Electronic specific heat
According to equipartition law of the classical mechanics theory, each electron moving
freely through the crystal lattice in metals should contribute 1
2
kBT to the internal energy
for each translation degree of freedom out of three of them. From lattice specific heat
the experimental value is 3R which gives indication that electronic specific heat at room
temperature is negligibly small. Therefore, in the classical mechanics theory electrons
appeared to contribute in the conduction processes while not contributing appreciable to
total specific heat. By applying quantum mechanics to the system, allows one to determine
the electronic specific heat. All conduction electrons must occupy state of energy referred
by Pauli exclusion principle that is Fermi-Dirac statistics.
The Fermi-Dirac statistics: The ideal Fermi gas is a system of non-interacting
spin-half particles. Indistinguishable electrons from one another are subjected to the
Pauli-exclusion principle, hence obey Fermi-Dirac statistics. The Fermi-Dirac distribu-
tion function is described when gas consisting of N electron is in thermal equilibrium and
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the probability that a particular energy level E is occupied, given:
f(E) =
1
e(E−µ)/kBT + 1
(2.51)
where µ is the chemical potential. The total number of electrons in the system are deter-
mined from the expression:
N =
∫ ∞
0
f(E)N(E)dE (2.52)
where N(E) is the density of the electronic state. The wave functions of free electron are
in the form of traveling plane wave with corresponding energy wave vector in 3-dimensions
|k| of the:
EK =
~2
2m
(k2x + k
2
y + k
2
z) (2.53)
with ~ and m are Plank constant and mass of the electron, respectively. Wave vector
values are limited by the boundary conditions, where each value of k occupies a volume of
(2pi/L)3 in k-space leaving two electrons with opposite spins. At very low temperatures,
T = 0 K all states within a radius of k = kF known as Fermi wave vector are filled, hence
the total number of electrons in a system is expressed by:
N =
2(4/3)pik3F
(2pi/L)3
(2.54)
where the factor of 2 comes from the two spin direction of each allowed value of k:
kF =
[
3pi2N
V
]1/3
(2.55)
depending on electron concentration and hence:
EF =
~2
2m
[
3pi2
N
V
]2/3
(2.56)
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and the Fermi velocity given by:
VF =
~
m
[
3pi2
N
V
]1/3
(2.57)
The equation of kF and EF both depends on number of density of electron n = (N/V ).
Density of state is identified as the number of electronic state per unit energy range,
and the number of electrons with energy E  EF to EF suggests that for the number of
state with energies  E may be given as:
N(E) =
V
3pi2
[
2mE
~2
]3/2
(2.58)
so, density of state is:
D(E) =
dN
dE
=
V
2pi2
[
2m
~2
]3/2
E1/2. (2.59)
The free electron gas model cannot be simple applied to actual metals to determine the
specific heat of electron in metals. In metals the electron configuration consist of inner
shells electron tightly bound to the parent atom such that only those in the outer unfilled
shells are able to break away and move in the crystal. Although the movement of these
electrons is not free since they are forced to the periodic potential of the crystal. The
outcome of these conditions, their energy is no longer continuous function of |k| but forms
bands which are separated from each other by an energy gap within which no electronic
state exists. Non-core electrons in metals forms bands called valence bands, which may be
either full, partially full or empty. What actually determines the electronic properties of
the solid is the electrons in the unfilled band (conduction band).
Quantitative assessment of electronic specific heat may be carried out using Sommerfeld
expansion method. The total energy a system of N electrons at temperature T is:
E =
∫ ∞
0
Ef(E)D(E)dE (2.60)
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where f(E) is the Fermi-Dirac distribution function and D(E) is the density of state.
Therefore, specific heat due to electron contribution is given:
Cel =
dE
dT
=
∫ ∞
0
ED(E)
df(E)
dT
dE, (2.61)
only f(E) depends on T . If we set kBT  EF , df/dT is large only at the energies very
close to the Fermi energy
Cel = D(EF )
∫ ∞
0
(E − EF )df(E)
dT
dE. (2.62)
Ignoring the variation of chemical potential with temperature and assuming µ = EF , then:
Cel = D(EF )
∫ ∞
−EF /kBT
x2(kBT )
3
kBT 2
ex(
e2 + 1
)2dx (2.63)
where x = EF/kBT , taking into account that EF  kBT the lower integral is set to
negative infinity (−∞) and equation 2.63 becomes:
Cel = D(EF )k
2
BT
∫ ∞
−∞
x2ex(
e2 + 1
)2dx (2.64)
giving [3, 8]:
Cel =
pi2
3
D(EF )k
2
BT. (2.65)
For free electron gas, D(E) = 3N
2E
, for the density of state. The Fermi temperature is
defined as TF =
EF
kB
.
Cel =
pi2
2
NkB
T
TF
. (2.66)
The electronic specific heat contribution follows T at low temperatures and the total specific
heat is given by:
C = γT + βT 3, (2.67)
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where γ and β are obtained from the experimental fitted data to a straight line on Cp/T vs
T 2 plot. The parameter γ is defined as the Sommerfeld coefficient that yields information
about the density of state as well as effective mass of the electron. It is also a parameter
which identifies the heavy-fermion character of a given compound.
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Chapter 3
Experimental procedure
3.1 Introduction
In this chapter, we have discussed techniques used in preparation and characterization
of compounds for this experimental study. The investigations of thermal, electrical, and
magnetic properties in this chapter were achieved by using both the physical property mea-
surement system (PPMS) and magnetic property measurement system (MPMS) supplied
from Quantum Design, which is located in San Diego, California, USA. The instrumen-
tal specification noted in this chapter are quoted from the manufacturers design whereas
methods, procedures and adaptation are from my work on the instruments.
3.2 Sample preparation
The polycrystalline samples of the compounds studied in this work were synthesized in
their (3:4:13) stoichiometric quantities of elements. The starting elements Samarium (Sm),
Rhodium (Rh), Iridium (Ir), Cobalt (Co), and Germanium (Ge) were weighed using an
electronic balance, supplied by Mettler Toledo AG-135, as shown in Figure 3.1.
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Figure 3.1: The Mettler Toledo AG electronic balance used to weigh sample and elements
in this study.
The Mettler Toledo AG-135 electronic balance is capable of measuring masses with
1× 10−5 g readability. For accurate weighing, the shield doors prevent air flow which may
cause the readings to oscillate. Therefore, when measuring all shield doors should be kept
closed, to obtain accurate measurement of elements/samples.
The elements Co, Rh, and Ir were available in powder form, and thus had to be pel-
letized. These elements were pelletized using a 13 mm diameter evacuable pellet dye in
a laboratory hydraulic press in order to evacuate sample space during the pelletizing pro-
cess to avoid air getting trapped inside the pellet. The stoichiometric amounts of the
elements for a particular sample were placed in a clean copper slot on the water-cooled
Cu hearth in an arc furnace from Edmund Bu¨hler GmnH MAM-1 shown in Figure 3.2.
Firstly, the system was purged from air five to six times with a oil free diaphragm pump.
Secondly, the system was pumped down to a preferable 2.5 × 10−5 mbar using a oil free
turbo-molecular pump, allowing the chamber to degas for at least two hours. Water was
allowed to flow through under Cu hearth plate for cooling purposes during the melting pro-
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cess. Customarily, at the beginning of the melting process, the elements are firstly melted
in low temperature. This was to avoid material spluttering or getting dislodged due to
plasma pressure. The elements were melted using low arc volume as is needed to melt
the collection of elements. Subsequently, the sample button was overturned and re-melted
three to four times. Enough heat must be supplied to the sample to ensure that the higher
temperature melting elements react entirely with other elements, to avoid leftover residues
of unreacted elements. After the melting process, the sample was allowed to cool down on
the Cu hearth, before it is removed and weighed to evaluate possible weight loss during
the melting process. For samples prepared in this study, the weight loss (MWL) of the
sample was confined to within MWL ≤ 1.5 % where MWL =
[
(Mbefore −Mafter)/Mbefore
]
,
and Mbefore is the weight before melting the elements and Mafter is the weight after melting
elements.
(a) (b)
Figure 3.2: (a): The Edmund Bu¨hler GmbH arc furnace used for syntheses in this
study and (b) is the close view of copper crucible plate with protection glass and tungsten
electrode inside the chamber.
Prior to annealing, the phase formation of the sample was verified by means of powder
X-ray diffraction (XRD) as outlined in section 3.3.1. For qualitative evaluation purposes,
the diffractogram of the ascast (unannealed) sample was compared to a PowderCell [1]
simulation, to confirm whether the compound formed in the desired structure. All the
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ternary compounds synthesized in this work beneficially shows minority impurity phases.
For this purpose, a heat treatment procedure was developed in order to equalize small
shifts in chemical homogeneity, reduce internal strains and to eliminate possible parasitic
phases that co-precipitated with the desired phase during arc melting. In preparation
for annealing, samples were first cleaned mechanically using a soft sand paper, and then
washed in acetone and left to dry completely. The samples were then individually wrapped
with tantalum (Ta) foil of purity 99.99 %, and were inserted into a quartz ampoule. The
use of Ta foil is to ensure that samples do not come into contact with the inner walls of
the quartz ampoule since rare earths are predisposed to react with oxygen in the quartz
ampoule that might produce unnecessary impurity infiltration into the sample during the
subsequent annealing process. The ampoule neck was formed on the tube, leaving a small
hole through which argon gas could pass and which could be sealed easily afterwards. The
tube was attached to the argon gas supply linked to the diffusion vacuum pump system
shown in Figure 3.3.
Figure 3.3: A schematic representation diagram of the ampoule preparation system. The
connected quartz tube was flushed and purged six times with ultra-high purity argon gas in
use of an oil free diaphragm pump. Using oil free turbomolecular pump, the ampoule was
pumped down to about 10−6 mbar over a period of sixty minutes, to ensure good vacuum.
The tube was sealed after a good vacuum was observed. This was done by melting the
neck with an oxyacetylene flame.
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The sealed tube from Figure 3.3 was placed in a box furnace for annealing. The latter
was conducted in different annealing conditions discussed in Chapter 4, depending on the
particular compound. After the annealing treatment, the quartz ampoules were quenched
in water to avoid impurity phases and the effect of any eutectic lines in the phase formation
of the desired compounds.
Figure 3.4: The ampoule sealed as shown Figure 3.3 evacuated with UHP-argon gas
ready for annealing.
3.3 Sample characterization
3.3.1 Powder x-ray diffraction
A small piece from the button of a sample was cut off using a low-speed Buehler IsoMet
1000 Precision Saw with a diamond coated blade of 0.15 mm in thickness. The small cut-off
piece was crushed and powdered using an agate mortar and pestle. The powdered sample
was then transferred to a rectangular glass sample holder with an indentation 0.5 mm
deep which was gently inserted into a height-reference sample plate. A Rikagu SmartLab
Multipurpose diffractometer was used to investigate phase purity of X-ray diffraction at
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room temperature. The source of X-rays used arise from the electron bombardment of Cu
making use of the Kα doublet lines with wavelength λCuKα1 = 1.54059A˚ and λCuKα2 =
1.54439A˚. The measurement was performed in a continuous mode for twenty-one minutes,
with a step of 0.02o in o2θ using the conventional Bragg-Brentano geometry. The scan was
set from 10 to 90 o2θ with an accelerating voltage of 50 kV and current of 20 mA applied
across the filament and the target.
Qualitative analysis of diffractograms were done using PowderCell software [1], by feed-
ing the theoretical space group (Pm3¯n, No: 223), lattice parameters and non-irrational
number of atomic coordinates were variable, whilst the Wyckoff site symmetry, the occu-
pation factor, and the Debye-Waller temperature factor were kept constant. The simu-
lation generated hkl -values and intensities calculated according to the allowed reflections.
Quantitative phase analysis was performed with a least-squares Rietveld refinement of the
experimental X-ray diffraction using a graphical user interface EXPGUI [3] of the General
Structure Analysis System (GSAS) [4] software. Initial theoretical parameters were loaded
to initialize the refinement, namely, fixed space group number, variable simulated lattice
parameters, and atomic coordinates. The initial fitting parameters, namely, the refinement
of background, the zero offset, the damping scale factor, cell parameters, and peak shape
parameters were refined successively from reasonable estimates.
3.3.2 Electron probe microanalysis
The electron probe microanalysis (EPMA) is an analytical technique that is widely used
to determine the elemental composition of solid specimens. EPMA can identify and an-
alyze elements in a periodic table except Hydrogen and Helium. Hence, it is able to
produce maps displaying the distribution of elements over the surface of a specimen while
accurately measuring their concentration. The EPMA involves bombardment of speci-
men with a focused electron beam and analyzing the emitted X-rays with two analytical
techniques, wavelength-dispersive spectrometry (WDS) and energy-dispersive spectrome-
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try (EDS). These techniques work by collecting characteristic X-rays released when the
surface of the specimen is bombarded. WDS separates the emitted X-rays according to
their wavelength and perform a more detailed analysis to identify trace elements and mea-
sure the relative concentration accurately.
(a) (b)
Figure 3.5: (a): The picture displays exposed samples surface, fixed in a resin puck that
is polished and coated with carbon for electron microprobe analysis. (b): Expanded view
of sample 1.
To confirm the single-phase nature, homogeneity and determine the actual chemical
composition on a microscopic scale, the electron probe microanalysis was necessary. In
this study, the CAMECA SX 100 camera was used for the elemental microanalysis aimed
at obtaining topological information about the sample, by taking Secondary Electron (SE)
and Backscattering Electron (BSE) images. The microprobe analysis was performed with
an option of WDS. The metallographic quantities of a typically 1 mg sample was mounted
on a two-sided tape in a mold cup smeared with vacuum grease. The mold cup was
backfilled with the mixture of epoxy resin (SpeciFix-20) and hardener (SpeciFix-20 curing
agent), in a weight ratio of 7:1 and allowed to cure-dry overnight. Figure 3.5(a) displays the
sample blocks showing on the surface of the resin, which were polished using an electronic
polishing machine with diamond disks of different thicknesses (rid size : 3 µm and 1 µm),
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under running lubricant. The polished sample blocks were subsequently carbon-coated to
a thickness of v 25 nm. The expanded view of the sample marked 1 is shown in Figure
3.5(b).
3.4 Magnetic properties
Magnetic studies were conducted using a Superconducting Quantum Interference Device
(SQUID) magnetometer, in a commercial Quantum Design magnetic property measure-
ment system (MPMS). This system has three different options for measuring magnetic
properties in alternating or stable field, namely: reciprocal sample option (RSO), alter-
nating current (AC), and direct current (DC). The data presented in this dissertation
includes measurements based on the RSO option. This option measures a sample by mov-
ing it rapidly and sinusoidally through the SQUID pick up coils, RSO measurements have
a sensitivity of approximately 5× 10−9 emu [4].
An approximately 5 mm long section of a clear plastic drinking straw was cut off to
insert the sample. A sample with a typical mass of v 30 - 40 mg was accurately weighed
and placed inside the small straw segment, to make an envelope which was inserted into
a longer drinking straw. This was followed by moving the straw segment with a sample
in the middle of the length of a longer drinking straw, making sure that it is securely
positioned without any possible rattling when the drinking straw (Figure 3.6) is shaken. .
The advantage of using a clear drinking straw is that, it has minimal magnetic moment of
approximately 9 × 10−9 emu, that is barely detectable even making use of the sensitivity
of the superconducting quantum interference device through the entire temperature range.
One end of a drinking straw with sample was attached at the bottom of the sample rod so
that the drinking straw will fit snugly over the rod, one end closed gently with the centering
plug to prevent sample from falling into the MPMS chamber shown in Figure 3.6(b).
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(a) (b)
Figure 3.6: (a): A picture showing a clear, plastic drinking straw with a sample inside
folded in an envelope, centered in the straw. (b): Schematic representation showing how
the sample in a drinking straw was attached to the sample rod [4].
When installing a sample in the MPMS, system was warmed up to room temperature
(300 K) and over pressure of helium gas was ensured in the sample port to avoid atmosphere
from entering the sample space. The sample chamber was then opened and the sample
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sample rod was inserted into the port. Once the sample rod was securely installed, the
sample chamber was purged and flushed with Helium gas three times. In order to confirm
if the sample is centered within the sensitivity of the superconducting quantum pickup
coils, a centering measurement was performed by first locating the lower end of the sample
rod using a typical test field of 0.1 T which was applied, and the sample was slowly scanned
to find the point of the highest magnetic moment which is defined by the center of mass
of sample coinciding with the center line of the magnet.
For magnetic measurements, a sinusoidal movement of the sample along the axis of the
magnet was set at a typically frequency of 0.5 Hz and a scan amplitude of a 3.0 cm. The
MPMS MultiVu software uses a nonlinear, least-squares fitting routine to fit the 32 bit
data to an ideal dipole response in order to determine the total acquired voltage signal.
The voltage is integrated over the scan length which is then compared to a calibration
curve. For calibrating the magnetometer, a piece of high purity palladium was used.
These enabled calibration of magnetometer against absolute values of magnetic moment.
Figure 3.7 displays good centered sample when the peak of the middle curve is at the
center.
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Figure 3.7: A schematic illustration of an RSO centering scan displaying an ideal SQUID
response to a sample movement through the squid pickup coils [4].
For running the measurement, an experimental control programe was compiled which
sets the applied magnetic field, the rate of temperature change for a susceptibility mea-
surement or the rate of magnetic field change for a magnetization measurement. For
susceptibility in this study, we typically make use of the field-cooled mode of measure-
ment between 400 K and 1.8 K at a fixed applied magnetic field. These measurements
were done at a constant cooling rate typically of 0.5 K/min or down to 0.05 K/min close
to a phase transition. The magnetization measurements were conducted by field sweeps
from field of 0 T field up to 7 T at a fixed sample temperatures with field ramped at a
low rate typically of 0.008 T/sec. For susceptibility measurements over a wide range of
temperature, the thermal contraction or expansion of the sample rod was compensated by
repeated centering of the sample in the magnet.
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3.5 Heat capacity
The heat capacity calorimeter puck consists of the sample platform, connecting wires, the
heater, and the thermometer platform. The sample platform is made up of a thin cubic
sapphire, with the platform heater and the platform thermometer attached at the bottom
of the sample platform shown in Figure 3.8(d). The eight connecting wires (two wires on
each corner) support and suspend the sample platform in the middle with a small thermal
contact to the puck frame. The exact thermal conductivity of the wires is known by virtue
of the puck calibration. A small amount of Apiezon-N grease is applied on top of the sample
platform for heat capacity measurement and this is referred to as an addenda (grease
only) measurement. An Apiezon-N grease (for below room temperature measurements) or
Apiezon-H grease (above room temperature measurements) are used since they are known
to have sufficient thermal conductivity and adhesive qualities to attach most samples to
the sample platform. Moreover, the grease has no structural or phase transition in heat
capacity below room temperature and has a very small and reproducible heat capacity in
applied fields.
Before inserting the heat capacity puck into the PPMS chamber, the system was
warmed up to room temperature (300 K) and then supplied with an over pressure of
helium gas. The puck was inserted into the sample chamber with the sample (of typically
10 mg) attached to the platform and located mechanically at the center line of the su-
perconducting magnet. This was followed by rod fitted with thermo-radiation shields as
well as a small pack of activated charcoal to ensure good vacuum at the sample position
as shown in Figure 3.8(a). The sample and the puck were maintained in a hard vacuum
(typically 10−6 torr) to avoid conversion from taking place. The thermal bath and the cap
were maintained at the same temperature as the sample to avoid thermal exchange from
taking place though radiation. The small holes in the puck cap (see Figure 3.8(b)) are
there to ensure the sample space gets evacuated by sorption pump.
42
3.5. Heat capacity
Figure 3.8: (a): Schematic representation of heat capacity puck inside the PPMS cham-
ber, the puck is connected to electrical pins at the bottom of the chamber to link with
heater and system temperature for temperature regulation. (b): Picture of heat capacity
puck with the cap for thermal radiation, hole in the cap is for pressure equalizing and
indexing key. (c)-(d): Exploded view of a sample mounted on a platform by Apiezon-N
grease.
The heat capacity is determined from the heat relaxation technique used to describe the
temperature response of the sample platform as a function of time. When measuring heat
capacity, the software uses two thermal models to fit the temperature response curves;
the simple model and two-tau model. The simple model assumes that the sample and
the sample platform are in ideal thermal contact. The temperature of the platform as a
function of time can be found by solving the heat flow equation:
Ctot
dT
dt
= P (t)−Kw(T (t)− Tb) (3.1)
where Ctot is the total heat capacity of the sample and sample platform; P (t) is the known
power of the heater, Kw is the known thermal conductance of the supporting wires, T (t)
is the known temperature of the platform at time t, and Tb is the known temperature of
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the thermal bath. The heater is switched on at a particular temperature long enough to
archive a typical 2% increase in the sample temperature. The power of the heater has an
equal constant power, P0 during the heating measurement and equal to zero during the
cooling measurement. The measurement comprises keeping the heater on for a predefined
period of time (see detailed discussion below). In this model the heat flows in two ways.
The heat flows directly from the heater to the sample via the platform with the sample
being the only rate determining relaxation of heat. The second flow is from the sample
and sample platform to the environment, this is determined by the thermal conductance
of the wires where heat from the sample and sample platform is dissipated through them.
The more sophisticated two-tau model measures the temperature relaxation of the
sample when thermal attachment of the sample to the platform produces a temperature
difference between the two. The heat capacity measured in the two-tau model simulates
the effect of heat flowing between the sample platform and sample, and the effect of heat
flowing between the sample platform and puck. The following expression governs the
two-tau model:
Cplatform
dTp
dt
= P (t)−Kw
[
Tp(t)− Tb
]
+Kg
[
Ts(t)− Tp(t)
]
(3.2)
Csample
dTs
dt
= −Kg
[
Ts(t)− Tp(t)
]
, (3.3)
where Cplatform is the heat capacity of the sample platform, Csample is the heat capacity of
the sample, and Kg is the thermal conductance between the two through the grease. Tp(t)
and Ts(t) the temperature of platform and sample, respectively. During the measurement,
the heat flow from and to the platform is determined using equation 3.2. The first time
segment of measurement is done when the heater is on and the heat pulse flows from the
heater to the platform and amount of heat per unit time flows with an equivalent amount
of power, P . The second flow of heat is from the sample platform to the sample where
the rate is determined by Kg. In the second time segment measurement is done after the
heater is switched off and the dissipation of heat from the sample and platform back to
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the puck is determined by Kw. Equation 3.3 describes and determine the measurement of
heat flow from the sample when the heater is off to the platform and the puck.
(a) (b)
Figure 3.9: (a): Schematic representation of temperature response curve when the heater
is switched on producing a 2% rise in the sample temperature followed by relaxation of the
sample temperature once the heater is switched off and (b) is the net effect of combined
decay between a fast and slow decay in thermal relaxation.
Figure 3.9(a) displays the temperature response curve with a base temperature T0,
during the heat capacity measurement of the ideally attached sample to the sample plat-
form. The heater is switched on for an amount of time required to raise a temperature
by typically 2%, and once the heater has reached T0 + 2%, the heater is switched off to
allow the sample to cool down back to base temperature over a period of time typically
set at twice the sample characteristic time of the system. The characteristic time is the
time for the system to decay by one-half of its original temperature. When the sample
has a poor thermal contact with the sample platform, a comparison of a typical combined
slow and fast decay is observed as shown in Figure 3.9(b). The double decay is due to the
combination of the slow (Apiezon-N grease) and fast (platform) thermal process when the
heater is switched off. The interpretation of the internal relaxation is shown as the sum
of two decays in Figure 3.9(b), which can be tracked using the PPMS controller software.
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This possibility to monitor the progress of the sample heat capacity measurement permits
the user to identify issues such as a poor thermal contact of the sample early and to rectify
the experimental setup.
3.6 Electrical resistivity
A rectangular cut bar with typical dimensions 6 × 1 × 1 mm3 was polished using a light
sand paper and was subsequently cleaned with acetone. Thin uninsulated gold wires with
a diameter of 50 µm and purity 99.99 wt% were used for making contacts between the
sample and the electrical circuit puck. Four pieces of about the same length were cut and
sport welded onto the sample surface in the four-probe mode. Power was supplied using
a commercial Schmidt Instrumente UPI 1000 apparatus, shown in Figure 3.10(a) to weld
gold wires onto the surface sample under a microscope. The gold wires were arranged in the
four-probe configuration as shown in Figure 3.10(b). Kapton tape was used as a base on
the puck before mounting the sample, this is to electrically insulate and protect the sample
from the puck and provide good thermal contact between the sample and the puck. The
welded sample was mounted onto the puck by applying a small amount of adhesive general
electric (GE) 7031 vanish. This has the advantage of enabling a sample to withstand the
conditions that prevail low temperatures and preventing it from detaching from the sample
puck during the measurement. The adhesive was allowed to cure for a period of at least
two hours. After curing the sample on the puck, the sample gold wires soldered into the
respective current (I+ and I−) and voltage (V+ and V−) tabs with corresponding channel
connection tabs on the puck. The AC-resistivity puck can only accommodate a maximum of
two samples in the puck, where samples mounted can be measured simultaneously into the
PPMS. The electrical resistivity, ρ is determined by ρ = V A/Il, where V is the potential
drop measured across the sample, I is the current passed through the sample, voltage lead
separation (l) and the cross-sectional area (A) through which the current passes.
The PPMS system used input of typical fixed excitation current, I = 4500 µA, varying
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voltage, and power output P = IV depending on the voltage value measured. For purpose
of stabilizing the temperature at each point was held fixed to within 0.5 K at 300 K and
within 0.01 K at 2 K. The temperature dependency of the electrical resistivity measurement
were performed from 300 K to 1.9 K, taking three independent resistivity measurements
at each measured temperature.
(a) (b)
(c)
Figure 3.10: (a): The Schmidt Instrumente device used to spot weld gold wires onto the
sample surface for resistivity measurement. (b): Electrical resistivity puck displaying a
sample mounted and contacted to channel 2 in a four-probe configuration. (c): Magnified
view of the sample with contacting wires.
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3.7 Hall effect
The Alternating Current Transport (ACT) measurement architecture supports a four-wire
and five-wire Hall coefficient configuration shown in Figure 3.11, for this study the five-wire
configuration was used to investigate the behavior of charge carriers in a material. The
ACT was also used to observe how the Hall voltage varies with the magnetic field. Figure
3.11(b) depicts an experimental arrangement for Hall effect measurement with the cross
section, the length L, the width W , and the thickness d. When an electrical current I is
applied through a bar in a uniform transverse applied magnetic field Bz, the voltage drops
(V2 − V1) along the plane. Therefore, this permits to run a Hall measurement in both
negative and positive fields so that the field-sympathetic component can be subtracted from
the measured resistivity. Before the charged particles move perpendicular to a magnetic
field, a force is applied on them perpendicular to both the field and the direction of particle
motion. And so, if a transverse current is passed through a sample orthogonal to a magnetic
field, charge carriers will drift and build up on one edge of the sample and disappear from
the other edge, leading to a potential difference across the sample. This potential difference
is the Hall potential and is related to the density of charge carriers in the sample and to
the mobility of carriers.
For mounting the sample for Hall Effect measurement, all sample contacts were the
same as for electrical resistivity, except that contacts were in transverse mode. In the
five-wire Hall geometry, the gold wires were soldered correspondingly. Two current wires
were soldered to I− and I+ pads on the ACT puck, and two parallel voltage wires were
soldered to Va+ and Vb+ pads as shown in Figure 3.11(c). The fifth wire was bent over
the top of the sample and was soldered with care to V− such that it does not touch the
other side of the sample when crossing over it, as this would short out the Hall Effect. The
Hall resistivity measurements were performed under cooling and warming conditions with
constant frequency (typically 433 Hz) and current (typically 10 mA) through the sample
by adjusting the potential drop according to the sample resistance. The Hall resistivity was
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measured at temperatures spanning the sample region of interest, by applying positive and
negative field, to ensure that Hall resistivity is a linear function of field at all temperatures
(that is Hall coefficient is not field dependent). For every sample the Hall voltage was
measured as a function of field, typically at 300 K and 4 K in order to ensure that the field
value for Hall coefficient, RH versus temperature measurement was chosen in a field region
where RH was not a function of field.
(a) (b) (c)
Figure 3.11: (a): A schematic representation showing a four-probe configuration contacts
on an AC-puck for Hall effect measurement on channel 2 and channel 1 is for resistivity
measurement, (c) is showing a four-probe configuration on both channel 1 and 2 [5]. (b):
A thin rectangular bar set up for Hall effect measurement with holes as charge carriers.
3.8 Thermal transport option
The Thermal Transport Option architecture (TTO) for the PPMS is configured in such a
way that thermal conductivity, thermoelectric power (also known as Seebeck coefficient)
as well as electrical resistivity are measured simultaneously. The TTO system measures
thermal conductivity by monitoring the temperature drop along the sample as a known
amount of heat passes through the sample. TTO measures the thermoelectric power as
an electrical voltage drop that accompanies a temperature drop setup across the ends
of the sample. It can also measure electrical resistivity using the standard four-probe
configurations provided by the PPMS AC transport option.
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The rectangular bar with hypothetical dimensions, 8 × 2 × 2 mm3 was cut from the
sample, polished with a light sand paper and cleaned with acetone. Four gold-plated
copper-beryllium bars were cut and attached to the sample by two thermally conductive
components with silver-filled epoxy (EPO-TEK R© H20E). The contacts were allowed to cure
on the sample at 150 ◦C on a Heidolph HG 3001 magnetic hot plate for about ten minutes.
The four bars play a function as heater (and current, I+), a heat sink (and current, I−),
and two temperature (and voltage) probes that are along the length of the sample. The
TTO tool kit was used to safely mount the sample on the TTO puck as shown in Figure
3.12 below.
The connections of a TTO sample for thermal and electrical measurement is shown in
the magnified Figure 3.13(c). The sample shown is mounted in the four probe geometry
on the TTO puck. The radiation shield (cap) was screwed on the sample puck, the cap
has small holes on it, to ensure the sample space gets evacuated by sorption pump. The
sample puck was plugged into the twelve-pin socket at the bottom of the PPMS sample
chamber to establish electrical connections between the sample and the outer electronic
components, followed by inserting the radiation baffle with an activated charcoal sorption
pump to help achieve high-vacuum at the sample location. The sample measurements were
performed by cooling down typically from 400 K to 1.9 K.
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(a) (b)
(c)
Figure 3.12: (a): The picture displays the puck with sample and radiation shield. (b):
Displays the sample securely mounted on the thermal transport puck. (c): Enlarged view
of sample mounted on the puck.
For measurements of thermal conductivity and thermoelectric power, the heat is sup-
plied on one end of the sample by running current through the heater. The temperature,
Thot (nearest the heater) and Tcold (furthest from the heater) are measured at the ther-
mometers shoes. The temperature Thot/cold are measured at the thermometers shoes, and
the voltage (∆V = V+−V−) is monitored by thermometer shoes. The heat exit the sample
to the coldfoot. Figure 3.13 shows time traces of ∆V and ∆T response at the hot and cold
thermometer shoes during the heat pulse in an idealized sample. The TTO architecture
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comprises of two measurement modes; continuous and single measurement mode. For this
study, the measurements were based on the quasi-adiabatic method where the continu-
ous mode was activated. Measurements were taken continually and the adaptive software
adjusted parameters, such as heater power and period during the process.
Figure 3.13: (a): Temperature response of hot and cold thermometer over time. (b):
Temperature ∆T and voltage ∆V differential across the sample with time constant τ1 and
τ2 and asymptotic temperature drop across the sample ∆T∞. (c): Applied heater power [5].
For thermal conductivity measurement, the TTO architecture measures thermal con-
ductivity by applying heat from the heater shoe to create a user-specified temperature
differential between the hot and cold thermometer shoe. The TTO architecture dynam-
ically models the thermal response of the sample to the low frequency, square-wave heat
pulse, thus expediting data acquisition, by calculating thermal conductivity directly from
the applied heater power, which results to thermal gradient ∆T , and the known sample
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parameters. Using the continuous measurement mode, the software uses adaptive algo-
rithms to improve measurement parameters such as heater current, heat pulse period and
resistivity excitation amplitude and frequency. When the ∆T vs time data over the dura-
tion of the heat pulse is obtained, a nonlinear least-squares fitting routine, which fits the
data to the empirical formula:
∆T = ∆T∞
{
1−
[
τ1 × exp(−t/τ1)− τ2 × exp(−t/τ2)
](
τ1 − τ2
) }, (3.4)
where ∆T∞ presents the asymptotic temperature drop across the sample of the heater is
left on indefinitely, and τ1 and τ2 are long and short empirical time constants, respectively
is shown in Figure 3.13(b) for complete calculations of κ. The thermal conductivity is
determined from κ = P/∆T , where the P is the heat flux through the sample. This heat
flux cannot be measured directly, therefore, it is estimated as the power (I2R) degenerated
in the heater resistor. The power must be rectified due to radiation losses, Prad, or thermal
conductance of the shoe assemblies (κshoe). Thus, the conductance is determined as follows:
κ =
(
I2R− Prad
)(
∆T − κshoe
) , (3.5)
where
κshoe = aT + bT
2 + cT 3, (3.6)
Prad = σT × (A/2)× ×
(
T 4hot − T 4cold
)
(3.7)
with a, b and c being empirical constants, A is the total surface area,  is the infrared
emissivity of the radiating surface, Thot/cold are the average temperatures of hot and cold
thermometer shoe during the measurement, and σT = 5.67×10−8 Wm−2K−4 is the Stefan-
Boltzmanns constant. The factor half on sample surface area is due to the approximation
that only half of the sample surface is radiating at the Thot, while the other half is radiating
from at Tcold.
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The TTO architecture determines the thermoelectric power (Seebeck coefficient) by
creating a specified temperature drop between the two thermometer shoes, as it does to
measure thermal conductivity. Though, for thermoelectric power the voltage drop created
between the thermometer shoes is also monitored, the ∆V vs time data is read back from
the end of the measurement. After ∆T vs time data is fitted to obtain τ1 and τ2, least-
squares routine fits the data to the expression:
∆V = ∆V∞
{
1−
[
τ1 × exp(−t/τ1)± τ ′2 × exp(−t/τ ′2)
](
τ1 − τ ′2
) }+ ht+ d (3.8)
where ∆V∞ is the asymptotic Seebeck voltage drop equivalent to ∆T∞ from equation 3.8.
The parameters, h and d describe linear drift and offset voltages, respectively, and τ ′2 is
zero up to τ1 is swept so that for each value of τ
′
2 a linear regression in ∆V∞, h and d is
performed. We note that the ± used between the exponential terms indicates that a full
search is done to allow positive and negative values of thermoelectric power.
54
Bibliography
[1] W. Kraus, and G. Nolze, J. Appl. Crystallogr. 29 (1996) 301
[2] A. C. Larson, and R. B. Von Dreele, General Structure Analysis System (GSAS), Los
Alamos National Laboratory Report, (2000)
[3] B. H. Toby, EXPGUI, A Graphical User Interface for GSAS, J. Appl. Crystallogr. 34
(2001) 210
[4] Quantum Design, San Diego, CA 92121-1311, Quantum Design MPMS Hardware and
Options Manual, (2008)
[5] Quantum Design, San Diego, CA 92121-1311, Quantum Design PPMS Hardware and
Options Manual, (1999)
55
Chapter 4
Results and Discussion
4.1 Sm3Co4Ge13
4.1.1 Introduction
Comprehensive results of physical properties of the polycrystalline compound Sm3Co4Ge13
are presented and discussed in the first section of this chapter. The phase purity of
Sm3Co4Ge13 was obtained by structural characterization using powder X-ray diffraction
(XRD) data and subsequently by Rietveld profile refinement. Thermal, electronic and
magnetic properties of Sm3Co4Ge13 were studied using the Physical Property Measure-
ment System (PPMS) and Magnetic Properties Measurement System (MPMS). In order
to access the magnetic contributions towards respective measurements of the Sm3Co4Ge13,
an isostructural non-magnetic La3Ru4Ge13 reference compound was used.
4.1.2 Crystallographic properties
The Sm3Co4Ge13 sample was wrapped with a Ta foil following the procedure discussed
in section 3.2. The quartz ampoule with a sample was placed in a box furnace for heat
treatment. The sample was annealed for seven days at 700 ◦C and quenched in cold
water. This was followed by a powder XRD measurement in order to verify the phase
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purity. The first annealing was sufficient to achieve a suitable level of phase purity. The
XRD data was recorded at room temperature using a CuKα1 radiation source. The qual-
itative phase purity of the sample was determined by comparing the experimental data
to the simulated diffractogram using PowderCell software [1]. From this the compound
of Sm3Co4Ge13 was confirmed to crystallize in the cubic (space group:Pm3¯n) structure,
belonging to the Yb3Rh4Sn13 prototype [2]. The quantitative phase analysis was per-
formed by fitting the experimental XRD data against starting theoretical parameters of
Yb3Rh4Sn13- structure type for refinement using EXPGUI [3], which is a graphical user
interface for GSAS software [4]. Figure 4.1 displays the XRD spectrum together with full
profile refinement of Sm3Co4Ge13. The obtained atomic coordinates and the refined lattice
parameter a = 8.8143(3) A˚ are presented in table 4.1.
Sm3Co4Ge13
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Figure 4.1: Powder X-ray spectrum of Sm3Co4Ge13 at room temperature denoted by
circle symbols, Rietveld refinement denoted by a red line, theoretical Bragg positions cor-
responding to (Pm3¯n) space group are denoted by black vertical bars, and the green line
denotes the difference curve between experimental and Rietveld calculated intensities.
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Table 4.1: Atomic coordinates obtained from the Rietveld refinement of powder X-ray
diffraction of Sm3Co4Ge13.
Wyckoff Cell
Atom site x y z a (A˚) volume(A˚
3
)
Sm 6c 0 0.50 0.25 8.8143(3) 684.81(2)
Co 8e 0.25 0.25 0.25
Ge1 24k 0 0.1520(3) 0.3013(4)
Ge2 2a 0 0 0
For quantitative phase analysis performed by wavelength-dispersive spectroscopy
(WDS) on an electron microprobe, an elemental analysis was conducted across the surface
of a polished sample. In Sm3Co4Ge13 three different phases were observed in the images
shown in Figure 4.2. Estimations of elemental compositions were made based on the atomic
percentage normalized to the content of rare-earth (Sm) element. From Figure 4.2b the
major phase corresponds to a composition stoichiometry of Sm3Co4.02Ge12.81 (light gray
area), a minor phase corresponding to CoGe2 (dark gray area) and a small constituent
of unreacted Ge (light area). Based upon the intensity of 100% line of Ge, we estimate
the annealed sample contains a volume concentration of not more than 5% of unreacted
Ge. Ge is a non-magnetic element, with no expectations to influence either electronic or
magnetic properties on the compound.
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(a) (b)
Figure 4.2: Back scattered electron images of Sm3Co4Ge13 displaying phase arrangement
obtained from the surface of the polished sample. The scale of magnification (marker
shown on the images) is (a) 500 µm, (b) 200 µm both taken with 20 kV beam acceleration
voltage.
4.1.3 Magnetic susceptibility and magnetization
Temperature dependent magnetic susceptibility, χ(T ), of Sm3Co4Ge13 measured from
395 K to 1.9 K in constant applied magnetic field of B = 0.5 T is shown in the main
panel of Figure 4.3. Upon cooling from room temperature, χ(T ) increases and develops
a shoulder at about 8 K and a pronounced peak at 6.2 K, the latter which resembles an
antiferromagnetic (AFM) phase transition. The similar trend is also observed in SmRuSn3
around TN = 6.0 K and is known to exhibit valence fluctuation phenomena [6–8]. In order
to observe any changes around the transition temperature at TN = 6.2 K, the measurement
was repeated at low temperatures in the magnetic field of B = 1 T, but no significant shift
of the phase transition was observed (see inset (a) in Figure 4.3). A simple Curie-Weiss
law was found not to fit the experimental data of Sm3Co4Ge13 due to ground state multi-
plet J = 5/2 and first excited multiplet J = 7/2 of Sm3+ being very close to each other.
From literature, most of Sm-based compounds exhibit valence fluctuation phenomena be-
tween the trivalent (Sm3+) and divalent (Sm2+) state [5, 8]. The χ(T ) data was therefore
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analysed using the modified Curie-Weiss law described by the expression:
χ(T ) =
NAµ
2
eff
kB(T − θp) + χ0, (4.1)
between the temperatures 10 K and 300 K (solid red line in the main panel of Figure
4.3), where NA is Avogadro’s number, kB is the Boltzmann constant. The experimental
data above 300 K do not follow this fit, which might be the consequences of upper crystal
electric field levels of Sm3+ becoming populated. The calculated effective moment µeff =
0.58(4) µB/Sm for Sm3Co4Ge13 differs by 31.76% from that of the free Sm
3+ion (µeff =
0.85 µB/Sm). The evaluated µeff suggests that the magnetism in this compound arises
largely from the ground state multiplet J = 5/2.
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Figure 4.3: Main panel: Magnetic susceptibility, χ(T ) of Sm3Co4Ge13 measured on a
field-cooled mode with B = 0.5 T. Inset (a): Expanded view of χ(T ) measured at low
temperatures in different fields. Inset (b): Magnetization M(B) isotherms measured at
different sample temperatures.
The resulting Weiss temperature θp = −16.25(2) K, and temperature independent
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magnetic susceptibility χ0 = 3.19(4)× 10−9 m3/mol.Sm were evaluated from the fit. The
negative value of the fitted Weiss temperature confirms dominant antiferromagnetic ex-
change in this compound. Magnetization isotherms shown in Figure 4.3 (see inset (b))
measured at different temperatures show a completely linear behavior from 0 T up to 7 T.
The magnetization reaches a maximum magnetic moment value of 0.022 µB/Sm at 10 K
in B = 7 T. This moment is very small as compared to the expected value µsat = 0.71
µB/Sm for a full saturation moment of Sm
3+ ion. One of the possibilities to explain the
reduced magnetic moment is that B = 7 T is not sufficient to magnetize the combined
crystal electric field multiplets. It is interesting to note that the linear-in-field magnetiza-
tion is preserved across the temperature range, from the paramagnetic region at T > 10 K
through the intermediate region at 7.5 K and all the way down to the lowest temperature
of 2 K.
4.1.4 Specific heat
The specific heat data of Sm3Co4Ge13 obtained at constant pressure is shown in
Figure 4.4. We observe that at room temperature practically the full Dulong-Petit value
for Sm3Co4Ge13 is achieved with Cp(T ) = 3NR = 498.8 J/mol.K (dashed-line in Figure
4.4) with R = 8.314 J/mol.K the universal gas constant and N = 20 the number of atoms
present in the unit formula of Sm3Co4Ge13. We note that the scattering in data points
above 270 K is due to a liquid-glassy transition suffered by Apiezon-N grease just below
room temperature.
A sharp and well defined λ-type anomaly is seen centered at 6.2 K in agreement with
what was found in the magnetic susceptibility, χ(T ). We identify this with the Ne´el point
TN = 6.2 K. The specific heat is assessed through three contributions in magnetic metals:
the lattice (phonon) term Cph(T ), the free conduction electron term Cel(T ) and magnetic
term Cmag(T ). The specific heat due to spin cooperative phenomena can be omitted in the
absence of magnetic ordering.
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Figure 4.4: Main panel: specific heat, Cp(T ), of Sm3Co4Ge13 measured. Inset (a): show
an expanded view of Cp(T ) at low temperature revealing an anomaly associated with
magnetic phase transition at TN = 6.2 K. Inset (b): plot of Cp(T )/T vs T
2 with linear fit
(red line).
For simple non-ordered metals at low temperature the specific heat is given as:
Cp(T ) = Cel(T ) + Cph(T ) = γT + βT
3, (4.2)
where β and Sommerfeld coefficient γ of specific heat at low temperature are determined
by extrapolating a fit of equation 4.2 to T = 0 K from the plot of Cp/T vs T
2. The inset (b)
of Figure 4.4 is the plot of Cp/T vs T
2 in low temperature region for T < 24 K and the red
line is used as a fit to extract γ and β. To a first approximation, the parameters calculated
for Sm3Co4Ge13 are γ = 45.32(3) mJ/mol-Sm.K
2 and β = 8.07(6) × 10−4 J/mol-Sm.K4.
The extracted β value was used to calculate the Debye temperature θD = 363.92(5) K
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from the expression [9]:
θD =
[
12pi4NR
5β
]1/3
. (4.3)
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Figure 4.5: (a): Magnetic specific heat, C4f(T ) of Sm3Co4Ge13. (b): Magnetic entropy,
S4f(T ), with extrapolated data down to T = 0 K denoted by blue dashed line. The S4f(T )
released at TN is associated with R ln 2 denoted by black dashed-line.
Figure 4.5 displays magnetic specific heat C4f(T ) and magnetic entropy S4f(T ) of
Sm3Co4Ge13. In Figure 4.5(a) we plot the C4f(T ) up to 100 K in order to focus in the
region of interest and Figure 4.5(b) shows S4f(T ). It should be noted that in failure to syn-
thesize single-phase material of La3Co4Ge13 in this study, the specific heat of La3Ru4Ge13
was used as a next-nearest suitable non-magnetic counterpart. The total specific heat
of La3Ru4Ge13 was subtracted from the total specific heat of Sm3Co4Ge13 assuming that
both compounds have the same phonon contribution. This assumption is supported by the
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fact that the atomic mass of Sm3Co4Ge13 (1631.00 g/mol) differs by 7.60% of the atomic
mass of La3Ru4Ge13 (1765.20 g/mol) which suggest that equivalent compounds will have
similar phonon spectra. The magnetic entropy in Figure 4.5(b) was determined using the
expression:
S4f(T ) =
∫ T
0
C4f(T
′)
T ′
dT ′. (4.4)
The entropy per mole of Sm calculated from the magnetic contribution in zero magnetic
field amounts to R ln 2 close to TN. An estimated extrapolation of C4f(T ) to T = 0 K was
necessary to correctly determine the entropy associated with the phase transition.
4.1.5 Electrical resistivity
Figure 4.6 displays the electrical resistivity ρ(T ) of Sm3Co4Ge13 measured from 300 K down
to 2 K at B = 0 T magnetic field. The observed behavior is not of metallic character, a rise
in electrical resistivity with decreasing temperature gives an indication of a semiconducting
behavior. The resistivity values are much larger than that of typical metals and semimetals.
The semiconducting behavior observed in Sm3Co4Ge13 is also noticed in other magnetic
compounds R3Ru4Ge13 (R = Sm, Nd, Dy, Ho, and Er) and Yb3Ir4Ge13 [10–13], also in
superconducting non-magnetic compounds Y3T4Ge13 (T = Rh, Ir, Os) and Lu3T4Ge13
(T = Rh, Co, Os) [2, 15, 16]. The superconductivity in this class of compounds is very
unusual because they form out of the semiconducting state at high temperatures.
The semiconducting behavior observed in Sm3Co4Ge13 is not clearly described by a
simple Arrhenius function as it would be for single energy gap systems. However, higher
temperature features of ρ(T ) are described by means of a phenomenological expression [17]:
ρ−1(T ) =
2∑
i=0
ai exp
[
∆i
kBT
]
; (4.5)
where a1 = 0.163(5) mΩ.cm, ∆1/kB = 229.58(3) K, a2 = 0.063(5) mΩ.cm and ∆2/kB =
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13.24(4) K, describes the data for 34 K ≤ T ≤ 300 K as shown in Figure 4.6 by the fit (red
line). A possible interpretation of this fit is that the large gap, ∆1 describes the intrinsic
energy gap for Sm3Co4Ge13 whereas ∆2 describes the effect of a secondary gap formed by
energy levels within the primary gap. Different fits, such as variable range hopping were
also implemented and gave considerable less poorer reliable fit to the experimental data
compared to equation 4.5.
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Figure 4.6: Temperature dependence of electrical resistivity, ρ(T ) of Sm3Co4Ge13. The
solid red line represents a fit to equation 4.5.
4.1.6 Hall effect
The temperature dependences of the Hall coefficient, RH and estimated values of charge
carrier density at B = 5 T from 300 K to 1.9 K in Sm3Co4Ge13 are shown in Figure 4.7.
The Hall resistance was verified to be field independent with Hall voltage linear in field.
The overall positive values of RH suggest that the dominant charge carriers in Sm3Co4Ge13
are holes. The volume charge carrier density was determined assuming only one type of
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charge carrier and that the Fermi energy is characterized by a single conduction band
present in the compound, using the expression:
RH =
1
ne
(4.6)
with n, the volume number density of charge carrier. The Hall coefficient attains a value
of 0.102 cm3/C and charge carrier density of 6.09× 1025 carriers/m3 at room temperature.
The number of carrier density, n = 1019 ∼ 1021 carrier/cm3 lies in between the values of
metals and semiconductors [18]. The overall temperature dependence of RH is qualitatively
similar to that of ρ(T ). We would like to note that the calculated RH and n values for
Sm3Co4Ge13 are comparable to those of 3:4:13 semiconductors [15, 19].
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Figure 4.7: Temperature dependence of the Hall coefficient in a constant field of B = 5
T (blue symbol) and carrier concentration (red symbol) in Sm3Co4Ge13.
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4.1.7 Thermal conductivity
The temperature dependence of the thermal conductivity of Sm3Co4Ge13 measured from
300 K down to 2 K plotted in a log-log scale is shown in Figure 4.8. The electronic contri-
bution, κe(T ) to the total thermal conductivity, κT(T ) is estimated using the Wiedemann-
Franz law: κe(T ) = L0T/ρ, where L0 = 2.45×10−8 WΩK−2 is the temperature independent
Lorentz number. Since the electrical resistivity and thermal conductivity were measured
simultaneously with the same set of contacts of the sample, both measurements have a
common sample geometry.
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Figure 4.8: Thermal conductivity of Sm3Co4Ge13 plotted on a log-log scale. Total thermal
conductivity, κT(T ) is denoted by open symbols, extracted electronic contribution κe(T ) is
denoted by red symbols with linear-in-T behavior over a wide temperature range presented
by a green line, and the calculated lattice contribution, κL(T ) is denoted by blue symbols.
In Figure 4.8 from the total thermal conductivity the magnetic phase transition at
TN = 6.2 K is inconspicuous, based upon this we consider the magnetic contribution to the
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heat transport to be negligible. Under these circumstances we use the expression: κL(T ) =
κT(T )−κe(T ) to obtain the lattice contribution κL(T ). The electronic contribution, κe(T )
is found to be more than two order of magnitude lower than κT(T ) below about 30 K.
By virtue of this we assimilate κT(T ) in Sm3Co4Ge13 with κL(T ). The very low κe(T )
in Sm3Co4Ge13 is in line with the low charge carrier density which was found in the Hall
results as well as semiconducting behavior in ρ(T ) in Figure 4.6. Figure 4.8 shows that
phonons are the predominant heat carriers in Sm3Co4Ge13. The behavior of κe is linear in
T up to ∼ 60 K which is indicative of a flat and stable conduction band. As shown in the
figure for most of the temperature range the approximation of κT ' κL is valid.
4.1.8 Thermoelectric power
The thermoelectric power as a function of temperature, S(T ) of Sm3Co4Ge13 is shown in
Figure 4.9. S(T ) of this compound is positive over the entire temperature range resembling
a hole dominated character near the Fermi surface, as was concluded from the Hall effect
measurement. At room temperature, S(T ) attains a value of 22 µV/K, which is classified to
fall between metallic (v 1−10 µV/K) and semimetallic (v 102−103 µV/K) behavior [20].
Upon cooling, a broad peak is centered at about 150 K where a large value of 26 µV/K
is achieved. At low temperatures Sm3Co4Ge13 exhibits a thermoelectric power linear in
T with a positive gradient. We note that S −−−→
T→0
0, as is required by the second law of
thermodynamics.
In tempt to analyze the S(T ), we have used Boltzmann theory and relaxation time for
isotropic system assuming scattering of electrons from the broad conduction band into the
4f band are approximated by a Lorentzian shape. Thus, S(T ) data was fitted with the
expression [21]:
S =
AT
B2 + T 2
, (4.7)
where A = 2(0− f )/|e|, B = 3[(0− f )2 + Γ2]/pi2k2B with Γ, the bandwidth and (0− f ),
the peak position 4f band. The Least squares values of A and B were extracted from the
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fit yielding values of (0− f ) = 4.24(2) meV and Γ = 24.63(3) meV. These values suggests
that the 4f band of Sm is at about 50 K below the Fermi energy as observed in ρ(T ) (see
Figure 4.6).
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Figure 4.9: Thermoelectric power, S(T ) of Sm3Co4Ge13 denoted by open symbols and
the solid line presents the fit of equation 4.7.
4.1.9 Summary
This section has the crystal structure, magnetic, electronic, and thermal properties of
Sm3Co4Ge13 as its subject. The powder X-ray diffraction measurement obtained from an
annealed sample confirmed that Sm3Co4Ge13 formed in the expected cubic phase, with
space group Pm3¯n. The magnetic susceptibility shows a peak signifying an antiferromag-
netic phase transition at TN = 6.2 K. The χ(T ) was described by a modified Curie-Weiss
law due to multiplets being close to each other. The magnetization, M(B) data showed
no sign of saturation across all measured temperatures. Instead M(B) is linear in field for
temperature on both sides of TN which supports an antiferromagnetic nature of this phase
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transition. Furthermore, the magnetic phase transition could also readily be identified
from specific heat, Cp(T ). The release of entropy associated with the ordering temper-
ature corresponds to the location of R ln 2, indicating a doublet ground state present in
Sm3Co4Ge13.
Over the entire temperature range below room temperature, the electrical resistivity,
ρ(T ) is semiconducting-like. The total thermal conductivity, κT(T ) shows a very weak
temperature dependence which we attribute to glassy-like behavior originating from the
cage-like structure of this compound. On the other hand the extracted electronic thermal
conductivity κe(T ), decreases by nearly three orders of magnitude from 300 K to 2 K. This
strong dramatic decrease in κe(T ) can be understood by considering Hall effect results from
which the calculated charge carrier density decreases by a factor of seven upon cooling down
to 2 K. The thermoelectric power, S(T ) is large and positive, and by fitting S(T ) over
the entire temperature range values of the width and the location of the 4f-electron band
were calculated. From these results it is evident that the 4f-electrons in Sm3Co4Ge13 have a
significant spectral width at the Fermi energy and thus contributes in a meaningful manner
to all physical properties. It is clear that the semiconducting behaviour in Sm3Co4Ge13
compound has its origin from the hybridization of the 4f-orbital with electrons in the
conduction band.
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4.2 Sm3Rh4Ge13
4.2.1 Introduction
In this section we give a first account of physical properties of the compound Sm3Rh4Ge13.
The existence of Sm3Rh4Ge13 was first reported by Venturini et al. [2]. The study starts by
the analysis of structural characterization obtained from powder X-ray diffraction (XRD)
data. From the Rietveld refinement profile using GSAS the phase purity of the synthesized
sample was established. Thermal, electronic and magnetic properties were studied using
the PPMS and MPMS. In order to access the magnetic contribution in Sm3Rh4Ge13 the
isostructural non-magnetic Y3Rh4Ge13 reference compound was used.
4.2.2 Crystallographic properties
The synthesized Sm3Rh4Ge13 sample was cleaned with acetone and ethanol, then wrapped
with a Ta foil and inserted into the quartz ampoule following procedures discussed in sec-
tion 3.2. The sample was placed into the furnace for annealing in order to eliminate the
amount of parasitic phases present. The sample was annealed for five days at 700 ◦C,
quenched in cold water, and followed by running an XRD measurement. Small changes
were observed from the XRD pattern after annealing. Further heat treatment was needed
and the annealing conditions were extended. The sample was annealed again for seven
days at 900 ◦C followed by quenching in cold water. To confirm the formation of a homo-
geneous single phase in Sm3Rh4Ge13, powder XRD measurement data were obtained at
room temperature on a Rigaku SmartLab diffactometer using CuKα1 radiation. The XRD
spectra confirmed that Sm3Rh4Ge13 crystallizes in the Y3Co4Ge13-structure type [2], with
space group Pm3¯n (223) and a cubic lattice parameter a = 8.9785(4) A˚ as given in table
4.2. To identify diffraction peaks belonging to the title compound, qualitative preliminary
simulation of the diffraction pattern was performed using PowderCell software [1]. Fur-
ther, Rietveld refinement was carried out using GSAS software against starting theoretical
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parameters defined by the Y3Co4Ge13 - structure type. The comparison of experimental
data and refinement of X-ray diffractrograms altogether with difference curve are shown
in Figure 4.10.
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Figure 4.10: Experimental powder X-ray diffraction spectrum and Rietveld refinement
of Sm3Rh4Ge13 denoted by circles and a red line, respectively. The vertical bars represent
the allowed theoretical Bragg positions corresponding to the Pm3¯n space group. The
difference curve between experimental and Rietveld intensities is denoted by a green line.
Table 4.2: Table shows the atomic positions, cell volume, lattice, x, y and z parameters
obtained from the Rietveld refinement of powder X-ray diffraction of Sm3Rh4Ge13 forming
in the Y3Co4Ge13-structure type [2].
Wyckoff Cell
Atom site x y z a (A˚) volume(A˚
3
)
Sm 6c 0 0.50 0.25 8.9785(4) 725.36(2)
Rh 8e 0.25 0.25 0.25
Ge1 24k 0 0.1497(5) 0.3062(3)
Ge2 2a 0 0 0
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Quantitative phase analysis of the Sm3Rh4Ge13 sample were performed by wavelength-
dispersive spectroscopy (WDS) on an electron microprobe. Stoichiometric elemental sur-
veys were conducted on a small piece of sample by collecting WDS spectra at different
points across the polished surface of the sample. Figure 4.11 shows images taken during
the WDS analysis at different resolutions. Calculations of elemental composition were de-
termined based on the normalized atomic percentage to the content of rare-earth element.
The analysis confirmed the average stoichiometric composition of Sm3Rh4.02Ge12.88 (light
gray: see Figure 4.11(b)). The minor phases identified to exist in Sm3Rh4Ge13 compound
have an approximate stoichiometric composition of Rh3Ge7 (dark gray: see Figure 4.11(b))
with no reports in literature.
(a) (b)
Figure 4.11: Images of back scattered electron images for Sm3Rh4Ge13 obtained from
the surface of the polished sample. The images were taken with 20 kV beam acceleration
voltage with magnification scales as indicated in the photographs: (a) 500 µm and (b) 200
µm. The black areas observed in the images correspond to a resin.
4.2.3 Magnetic susceptibility and magnetization
Figure 4.12 shows temperature dependence of magnetic susceptibility per mole Sm mea-
sured in an external field of B = 0.1 T from 395 K to 1.9 K. χ(T ) is similar to that of
SmSn3, which is characterized by a narrow energy spacings in the multiplet structure Sm
3+
ion [22–24]. At low temperatures the magnetic susceptibility displays a cusp-like anomaly
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at TN = 5 K, below which χ(T ) firstly decreases followed by an upward turn above 3 K. We
attribute this peak to long range antiferromagnetic ordering. In a simple antiferromagnet
the susceptibility can be expected to decrease and then become constant below TN. An
upturn below TN such as this was also observed in Sm3Ru4Ge13 and SmRu4Sn6 [11, 22, 25].
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Figure 4.12: Main panel: Temperature dependence of magnetic susceptibility, χ(T ) of
Sm3Rh4Ge13 measured in a field-cooled mode with B = 0.1 T. Inset(a) : magnified view
of χ(T ) measured at low temperatures in various fields. Inset (b): magnetization M(B)
isotherms measured at different sample temperatures.
.
The first excited state spin multiplet J = 7/2 of Sm3+ ion and the ground state spin
multiplet J = 5/2 are relatively close to each other at ∆E ≈ 1500 K from the ground
state, thus many Sm-based compounds do not obey a simple Curie-Weiss law [8, 26].
The χ(T ) data of Sm3Rh4Ge13 was satisfactorily fitted with the modified Curie-Weiss
behavior (equation 4.1) between 11 K and 300 K, yielding an effective magnetic moment
µeff = 0.50(2) µB/Sm, which is only 58.82% of the theoretical value of a free Sm
3+ ion
(µeff = 0.85 µB/Sm). The Weiss temperature and temperature independent term were
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determined to be θp = −12.43(2) K and χ0 = 1.06(4) × 10−8 m3/mol.Sm, respectively.
We note that between the applied field of 0.1 T and 7 T there is no detectable shift
in the location of TN (see inset (a) of Figure 4.12). Field dependence of the isothermal
magnetization M(B) of Sm3Rh4Ge13 (see inset (b) in Figure 4.12) was measured at various
fixed temperatures. We note that isotherms on either sides of the phase transition, TN,
follows quasi-linear behavior. Just below TN, at 4 K the magnetization of 0.033 µB/Sm
is extracted at 7 T. This is very small compared to the full saturation moment of Sm3+
(µsat = 0.71 µB/Sm). We speculate that the reduced magnetization moment and reduced
effective magnetic moment is due to comparable spin-orbit coupling in this compound or
to screening of Samarium spin by conduction electrons.
4.2.4 Specific heat
The specific heat, Cp(T ) of Sm3Rh4Ge13 is presented in Figure 4.13 in the temperature
range 300 K to 2 K. At 300 K it is noted that the full Dulong-Petit specific heat, namely
Cp(T ) = 3NR = 498.87 J/mol.K (dashed-line in the main panel of Figure 4.13) is achieved
with N = 20 atoms per formula unit and R being the universal gas constant. As was also
discussed in the specific heat of Sm3Co4Ge13 section the specific heat of a magnetic metal
may have three contributions namely; the lattice (phonon) contribution Cph(T ), the elec-
tronic contribution Cel(T ), and magnetic contribution Cmag(T ) (including for example a
magnon excitation specific heat and spin fluctuation). In a 4f-system such as Sm3Rh4Ge13,
the electronic contribution may further be divided between contributions of 4f (magnetic)
electrons or free conduction electrons. For normal metals with the absence of magnetic
ordering, specific heat from collective phenomena can be excluded, so Cp(T ) may be ex-
pressed as equation 4.2.
In order to ensure that we calculate the free conduction electron value of γ, the fit was
performed well above TN in the temperature range 13 K to 20 K. Values of γ = 30.18(2)
mJ/mol-Sm.K2 and β = 8.14(4)×10−4 J/mol-Sm.K4 were obtained from the least squares
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fit of equation 4.2 to the data of Cp(T )/T vs T
2 (see inset (b)) in Figure 4.13. As a
first test of the electron spectrum in Sm3Rh4Ge13, we calculated a Debye temperature
θD = 362.87(4) K using the expression from equation 4.3 which is shown by a red line in
Figure 4.13(b). The inset (a) in Figure 4.13 shows the low-temperature specific heat clearly
revealing the anomaly related to magnetic ordering. The antiferromagnetic transition is
characterized by a λ-type anomaly at TN = 5 K, which agrees very well with what was
observed in the magnetic susceptibility χ(T ) results.
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Figure 4.13: Main panel: Temperature dependence of specific heat, Cp(T ) of Sm3Rh4Ge13
measured at zero-field-cooled mode. Inset (a): expanded view of Cp(T ) at low temperatures
revealing an anomaly associated with the magnetic phase transition at TN = 5 K. Inset
(b): plot of Cp(T )/T vs T
2 and a fit according to equation 4.2 (red line).
The magnetic specific heat, C4f(T ) and magnetic entropy, S4f(T ) of Sm3Rh4Ge13 is
shown in Figure 4.14. The specific heat of Sm3Rh4Ge13 was measured only down to 2 K,
however in order not to underestimate the entropy when ignoring the entropy contribution
below 2 K we performed a simple polynomial fit to Cp(T < TN) down to T = 0 K
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for the purpose of calculating the entropy (see blue dashed line of Figure 4.14). The
C4f(T ) of Sm3Rh4Ge13 was separated by subtracting the specific heat of the non-magnetic
counterpart Y3Rh4Ge13. The contribution of S4f(T ) was calculated from C4f(T ) data using
equation 4.4. The entropy released at the phase transition corresponds to the quantity
R ln 2 which is approximately 79.34 % of the expected value for the doublet ground state.
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Figure 4.14: (a): Magnetic specific heat, C4f(T ) of Sm3Rh4Ge13. (b): Magnetic entropy
S4f(T ), with extrapolated data down to T = 0 K denoted by a blue dashed line. The
associated entropy is attained close to R ln 2 at TN.
4.2.5 Electrical resistivity
Temperature dependence of the electrical resistivity, ρ(T ) of Sm3Rh4Ge13 measured from
300 K down to 2 K is shown in Figure 4.15. A gradual increase of ρ(T ) upon decrease of
temperature is observed. In general, such behavior resembles that of a semiconductor, and
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this trend is observed in most of the germanide compounds of the R3T4Ge13-type (R = rare-
earths, T = d-elements) [10]. It is however difficult to trace the origin of semiconducting
behavior in this series since it is observed in both magnetic and non-magnetic compound.
It cannot be concluded that it originates from germanium present in the compound either,
since in Yb3Rh4Ge13 metallic behavior is observed in ρ(T ) [15, 16]. Attempts in this study
to describe ρ(T ) data of Sm3Rh4Ge13 were not successful. An activated-type of resistivity
was observed in Sm3Ru4Ge13 and Y3Ir4Ge13 [11, 15] but resistivity data of Sm3Rh4Ge13
are not described by a simple Arrhenius equation which would be appropriate for a single-
gap semiconductor. Instead, the generalized Arrhenius expression in equation 4.5, for a
semiconductor with more than one energy gap was used [17].
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Figure 4.15: Temperature dependence of electrical resistivity, ρ(T ) of Sm3Rh4Ge13. The
solid red line depicts a fit to equation 4.5.
The ρ(T ) data of Sm3Rh4Ge13 in Figure 4.15 was fitted with equation 4.5 between
the temperature range 50 K and 200 K. The obtained parameters were found to be a1 =
0.00147(5) µΩ.cm, ∆1/kB = 288.53(2) K, a2 = 0.324(2)×10−3 Ω.cm and ∆2/kB = 15.58(3)
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K. It can be seen that a satisfactory description of ρ(T ) data is obtained using the two
energy band gap. A possible interpretation of this fit result is that ∆1 originates from
a large intrinsic energy gap, and ∆2 reflects impurity donor levels inside of ∆1. Finally
we note that in our attempt to extract the 4f-electron resistivity in Sm3Rh4Ge13 could
not be possible because the candidate compounds for non-magnetic behavior all show
semiconductor-like electrical resistivity qualitatively similar to that of Sm3Rh4Ge13.
4.2.6 Thermal conductivity
The thermal conductivity of Sm3Rh4Ge13 is shown in Figure 4.16 in a double-log plot
from 300 K down to 2 K. The temperature dependence of the electronic contribu-
tion to total thermal conductivity, κT(T ) was estimated using the Wiedemann-Franz
law: κe(T ) = L0T/ρ, in terms of temperature independent constant Lorentz number
L0 = 2.45×10−8 WΩK−2, where ρ is the electrical resistivity measured simultaneously with
thermal conductivity. For the sake of simplicity and because no change in slope is observed
in κT(T ) near TN = 5 K of Sm3Rh4Ge13, we ignore a possible contribution to κT(T ) from
magnon heat transport. Using the above law one can subtract the electronic contribution
κe(T ) from κT(T ) by means of κL(T ) = κT(T )− κe(T ) to obtain the lattice contribution.
Figure 4.16 shows that κL(T ) exceeds the magnitude of κe(T ) at low temperatures by
more than two orders of magnitude, this suggests either a much higher scattering rate of
heat carrying electrons or a low charge carrier density at the Fermi energy. The overall
temperature range investigated indicates that phonons are the predominant heat carriers
in Sm3Rh4Ge13. By means of a green line on κe(T ), data at low temperatures follows
T 1-dependence which demonstrate that phonons have low energy to produce scattering of
heat and electrons becomes less effective in transporting heat and at high temperatures
the data follows T 2-dependence.
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Figure 4.16: Temperature dependence of thermal conductivity of Sm3Rh4Ge13 plotted
on a double-log scale. The total thermal conductivity, κT(T ) is shown by open symbols,
calculated electronic contribution κe(T ) is shown by red symbols and the remaining κL(T )
is shown by blue symbol. Two regions of different power-law behavior observed in κe(T )
are emphasized using green lines.
4.2.7 Thermoelectric power
The temperature dependence of thermoelectric power, S(T ) of Sm3Rh4Ge13 is shown in
Figure 4.17. Sm3Rh4Ge13 attains a positive thermoelectric power over the whole temper-
ature range suggesting a hole dominated character near the Fermi-surface. The S(T ) of
Sm3Rh4Ge13 is dominated by a broad and distinct peak reaching a maximum 54 µV/K
at Tmax ' 100 K. Even at room temperature, S(T ) has a high value of 34 µV/K which
is between that of typical metallic behavior (v 1 − 10 µV/K) and semimetalic behavior
(v 102 − 103 µV/K) [20].
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Figure 4.17: Temperature dependence of thermoelectric power, S(T ) of Sm3Rh4Ge13
with the solid line representing the least squares fit of equation 4.7.
The least squares fit of equation 4.7 to the S(T ) data shown in Figure 4.17 leads to the
following parameters, (0−f ) = 5.35(1) meV and Γ = 14.23(2) meV. From these values, it
is evident that 4f band of samarium is typically at 62 K above the Fermi energy and have
an impact to other physics properties. It is phenomenal that equation 4.7 is well obeyed
over the entire temperature range.
4.2.8 Summary
The X-ray diffraction studies confirm that Sm3Rh4Ge13 crystallizes in the expected cu-
bic space group Pm3¯n, No. 223. Studies of χ(T ) and Cp(T ) unambiguously indicate a
phase transition, probably of long range antiferromagnetic order at TN = 5 K. Above the
phase transition and up to room temperature, the χ(T ) are well represented by a modified
Curie-Weiss law yielding a negative Weiss temperature, in support to an antiferromagnetic
spin arrangement achieved by the phase transition. The electrical resistivity, ρ(T ) exhibit
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semiconductor-like behavior, both in terms of temperature dependence and its magnitude.
Interestingly neither charge nor heat transport is affected by the magnetic phase transi-
tion. The electronic thermal conductivity contribution, κe(T ) follows T
1-dependence at
low temperatures and T 2-dependence at high temperatures. κL(T ) dominates κe(T ) over
the entire temperature, indicating that phonons are the most effective heat carriers species
in Sm3Rh4Ge13. The thermoelectric power, S(T ) is positive over the investigated range of
temperature, indicating that the Fermi surface is dominated by hole-like charge carriers.
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4.3 Sm3Ir4Ge13
4.3.1 Introduction
Results of experimental studies on a polycrystalline sample of Sm3Ir4Ge13 are presented in
this section. The structural characterization included powder X-ray diffraction (XRD) and
Rietveld profile refinement using GSAS. Most investigations were performed on commercial
multi-purpose systems, namely MPMS and a PPMS, both from Quantum Design, San
Diego. The corresponding isostructural non-magnetic Y3Ir4Ge13 compound is used to
access the respective magnetic contributions in the title compound Sm3Ir4Ge13.
4.3.2 Crystallographic properties
A polycrystalline sample of Sm3Ir4Ge13 was synthesized using an argon arc furnace. Af-
terwards the sample was wrapped with Ta foil, sealed in a quartz ampoule under UHP-Ar
gas and placed in a box furnace for heat treatment (annealing) at 700 ◦C for seven days,
then quenched in cold water. The formation of the desired structure was confirmed by
powder X-ray diffraction. For this purpose the sample was carefully examined at room
temperature by XRD performed on a Rikagu SmartLab diffractometer by applying CuKα1
radiation. The experimental XRD data was fitted using starting input parameters of the
isostructural compound Yb3Rh4Sn13 [2], followed by performing Rietveld analysis using the
GSAS [4] package software, as shown in Figure 4.18 and the atomic coordinates obtained
are tabulated in table 4.3. The sample was confirmed to crystallize in a cubic structure of
the space group Pm3¯n with lattice parameter a = 9.0436(6) A˚.
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Figure 4.18: Experimental powder X-ray spectrum of Sm3Ir4Ge13 at room temperature
denoted by open symbols. The solid red line represent the Rietveld refinement. The black
vertical bars and green line denotes the Bragg positions and difference curve between
experimental and Rietveld intensities, respectively.
Table 4.3: Atomic coordinates of Sm3Ir4Ge13 obtained from the Rietveld refinement.
Wyckoff Cell
Atom site x y z a (A˚) volume(A˚
3
)
Sm 6c 0 0.50 0.25 9.0436(6) 739.65(5)
Ir 8e 0.25 0.25 0.25
Ge1 24k 0 0.1426(5) 0.3040(4)
Ge2 2a 0 0 0
The elemental stoichiometry of the sample was examined with an electron microprobe
equipped with wavelength-dispersive spectroscopy (WDS) for quantitative phase analysis.
From the surface of the polished sample, WDS spectral lines were collected at different
points across the sample. Within the instrumental limit of detection, two visible phases
were observed from the photograph with black areas corresponding to the resin. The major
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phase was confirmed to be Sm3Ir3.57Ge11.86 (see: gray areas in Figure 4.19(b)) in addition
to traces of a minority phase, IrGe4 (white stream areas) is shown in Figure 4.19(b). The
calculations of chemical composition on the sample were identified by normalizing the
atomic percentage to the content of rare-earth element.
(a) (b)
Figure 4.19: Back scattered electron images of Sm3Ir4Ge13 showing phase arrangement
taken from the surface of the polished sample with a beam acceleration voltage of 20 kV.
The images were taken at a resolution of: (a) 500 µm and (b) 200 µm (see scale indicators
on photographs).
4.3.3 Magnetic susceptibility and magnetization
The temperature dependence of magnetic susceptibility, χ(T ) for Sm3Ir4Ge13 measured
in the temperature range of 350 K to 1.9 K under external magnetic field B = 0.1 T
is shown in the main panel of Figure 4.20. The cusp in the magnetic susceptibility sig-
nifies a phase transition putatively of antiferromagnetic nature below 3.5 K (see: inset
(a) of Figure 4.20). At high temperatures, χ(T ) does not follow a simple Curie-Weiss
law. Normally rare-earth elements and their compounds having a stable and well devel-
oped magnetic moment associated with the trivalent state are exemplified by a simple
Curie-Weiss behavior. However, in Sm compounds additional contributions from higher
level multiplets need to be considered due to their typical proximity to the ground mul-
tiplet, resulting in a susceptibility derived from two effective magnetic moments. This
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is a common attribute of Sm element and its compounds due to the higher lying J7/2
multiplet usually close to the ground state J5/2 multiplet state in the element [23, 24].
The χ(T ) data of Sm3Ir4Ge13 was found to be best described by a modified Curie-Weiss
expression (as in equation 4.1) between the temperatures 11 K and 350 K, yielding the
calculated effective moment µeff = 0.43(5) µB/Sm is 50.6% for the full Sm
3+ ion moment
(µeff = 0.85 µB/Sm). The Weiss temperature and temperature independent term were
determined to be θp = −5.72(4) K and χ0 = 5.25(3)× 10−9 m3/mol.Sm, respectively.
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Figure 4.20: Magnetic susceptibility, χ(T ) of Sm3Ir4Ge13 measured on a field-cooled (FC)
mode with B = 0.1 T. Inset (a): magnified view of χ(T ) measured at low temperatures in
different fields. Inset (b): Magnetization M(B) isotherms measured at 2 K, 5 K and 10 K.
Inset (a) of Figure 4.20 displays χ(T ) of Sm3Ir4Ge13 for T < 10 K measured in four
different fields; 0.1 T, 1 T, 4 T, and 7 T plotted together. The temperature of the observed
cusp is not observed to change even in fields up to 7 T. Inset (b) of Figure 4.20 displays the
magnetization, M(B) isotherms per Samarium basis at 2 K, 5 K, and 10 K. From 10 K down
to 2 K there is a progressive curvature observed in the field dependence. At 2 K a magnetic
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moment of v 0.048 µB/Sm is extracted at 7 T. This value of magnetization is twenty times
smaller than that of the expected saturation moment of the Sm3+ ion. Throughout the
temperature range it is observed that no remnant of magnetization observed at all, this
rules out in ferromagnetic species in the compound such as impurities.
4.3.4 Specific heat
The temperature dependence of specific heat, Cp(T ) of Sm3Ir4Ge13 measured from 300 K
to 2 K is depicted in Figure 4.21. At room temperature, the specific heat reaches the value
of 445.82 J/mol.K, close to the Dulong-Petit value, Cp(T ) = 3NR = 498, 87 J/mol.K
(where N = 20 is the number of atoms per formula unit, and R = 8.314 J/mol.K is the
universal gas constant) marked by a dashed line. The inset (a) of Figure 4.21 shows zero
field Cp(T ) data at low temperatures. The Cp(T ) data shows two anomalies at T1 = 2.5
K and TN = 3.5 K. No corresponding phase transition was observed in the magnetic
susceptibility χ(T) in Figure 4.20.
In metals, Cp(T ) is normally assessed via three contributions to the specific heat:
Cph(T ), from lattice vibrations (phonons), Cel(T ), from free electrons and Cmag(T ), from
magnetic excitation (magnons). In order to calculate the Sommerfeld coefficient or the
free electron part of Cp(T ), we have to focus on Cp(T )-data well above the magnetic
phase transition. In this case the specific heat arising from collective phenomena can
be omitted, then the specific heat can be expressed as equation 4.2. The Sommerfeld
coefficient γ and the parameter β were obtained as least squares fit parameters of equation
4.2 to experimental data between T = 12 K and T = 18 K from the Cp(T )/T vs T
2
plot (see inset (b) of Figure 4.21), yielding values of γ = 4.62(2) mJ/mol-Sm.K2 and
β = 7.49(4)×10−4J/mol-Sm.K4. The Debye temperature, θD = 373.08(5) K was evaluated
from of equation 4.3 using the parameter β.
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Figure 4.21: Main panel: Temperature dependence of specific heat Cp(T ) of Sm3Ir4Ge13.
Inset (a): expanded view of Cp(T ) at low temperature revealing two anomalies indicated
by T1 and TN. Inset (b): the T
2 dependence of Cp(T )/T .
The magnetic (4f) contribution to the total specific heat of Sm3Ir4Ge13 was obtained by
subtracting the specific heat of the non-magnetic counterpart Y3Ir4Ge13 from the specific
heat of Sm3Ir4Ge13 (not shown), with the usual assumption that both compounds have
quantitatively similar phonon spectra. This assumption is founded on the basis that the to-
tal molar mass of Y3Ir4Ge13 (1979.92 g/mol) is only 8.52% lighter than that of Sm3Ir4Ge13
(2164.32 g/mol), which means that the two compounds will have Debye temperature dif-
fering by 8.52%, and therefore the two compounds’ phonon spectrum can be expected to
be similar. Figure 4.22 displays the 4f-electron magnetic entropy, S4f(T ) determined using
the integral expression from equation 4.4.
S4f(T ) released at the TN attains the value of 3.93(2) J/mol.K which contributes 68.31%
to the expected value of R ln 2 = 5.76(1) J/mol.K for Sm3+ ion associated to a doublet
ground state of Sm3Ir4Ge13. In order to determine the entropy associated with the phase
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transition, S4f(T ) data was extrapolated to T = 0 K (see blue dashed line of Figure 4.22).
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Figure 4.22: Temperature dependence of magnetic entropy, S4f(T ) of Sm3Ir4Ge13. The
S4f(T ) released at TN is close to R ln 2.
4.3.5 Electrical resistivity
The temperature dependence of electrical resistivity, ρ(T ) for Sm3Ir4Ge13 measured from
300 K to 2 K in zero applied field is presented in Figure 4.23 (main panel). The over-
all behavior of ρ(T ) is semiconducting-like, such behavior is more widely found in other
isostructural germanide compounds as well [10–13, 15]. Upon cooling from room temper-
ature, ρ(T ) increases with no visible anomaly observed over the entire temperature range.
However, the inset of Figure 4.23 plotting the temperature derivative of dρ/dT clearly
exposes anomalies at T1 = 2.5 K and TN = 3.5 K in line with what was observed in Cp(T ).
The electrical resistivity is found not to be well described by Mott’s law of variable
range hopping (VRH). Moreover, the Arrhenius function does not describe the increase in
the electrical resistivity of Sm3Ir4Ge13 as expected for a semiconductor with single gap. In
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order to analyze such behavior in our compound, the high temperature region of electrical
resistivity was fitted using the phenomenological expression [17] in equation 4.5 with fitted
parameters where a1 = 0.36(2) mΩ.cm, ∆1/kB = 305.18(4) K, a2 = 0.28(3) mΩ.cm and
∆2/kB = 1.86(5) K, for data in the region 60 K ≤ T ≤ 300 K as shown in Figure 4.23.
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Figure 4.23: Electrical resistivity ρ(T ) of Sm3Ir4Ge13. The inset shows dρ(T )/dT upon
applied fields, at low temperature double phase transition is observed as indicated by
arrows.
A possible interpretation of this fit is that the large gap ∆1 describes the intrinsic
energy gap for Sm3Ir4Ge13 whereas ∆2 describes in-gap states. Statistically, it is worth
mentioning that even at low temperatures there are still electrons possible to jump the
gap of 1.86 K and of course at 60 K where we start the fit, electrons already have enough
energy to jump a 1.86 K gap.
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4.3.6 Thermal conductivity
We recall that the thermal conductivity values at room temperature of Sm3Co4Ge13
(1.49(2) W/K.m) and Sm3Rh4Ge13 (1.01(2) W/K.m) were both low and of only weak
temperature dependence. In Figure 4.24 we demonstrate that the κ(T ) of Sm3Ir4Ge13
follows this trend.
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Figure 4.24: Double-log scale plot of thermal conductivity for Sm3Ir4Ge13. The open
symbols represent total thermal conductivity κT(T ), blue symbols represent the lattice
contribution κL(T ) and red symbols represent the electronic contribution κe(T ). The green
line on κe(T ) reveals a linear-in-T behavior over a wide temperature range.
The electronic contribution, κe(T ) to the total measured thermal conductivity κT(T )
may be separated using the Wiedemann-Franz law: κe(T ) = L0T/ρ, where L0 = 2.45 ×
10−8 WΩK−2 is the temperature independent Lorentz number, and ρ(T ) is the electrical
resistivity that was measured simultaneously while collecting thermal transport data. Thus
we have the expression: κT(T ) = κe(T )+κL(T ). After subtracting the electronic part, in a
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simple metal the remainder is attributable to heat carried by phonons. The contributions
of κe(T ) and κL(T ) are plotted together in the same set of axes with κT(T ) shown in
Figure 4.24. In a wide temperature range, it is seen that κL(T ) exceeds κe(T ) by one to
two orders of magnitude, suggesting that phonons are the predominant heat carriers in
Sm3Ir4Ge13. At temperatures T < 100 K, κe(T ) follows a T
1-dependence suggesting that
at low temperatures, phonons are of low energy and do not produce scattering of heat
carrying electrons.
4.3.7 Thermoelectric power
Figure 4.25 presents the temperature dependence of thermoelectric power, S(T ) of
Sm3Ir4Ge13 measured from 300 K to 2 K. The experimental data below 10 K have been
omitted due to very high statistical error associated with the thermoelectric power in lower
region.
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Figure 4.25: Temperature dependence of thermoelectric power, S(T ) of Sm3Ir4Ge13.
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S(T ) of Sm3Ir4Ge13 increases with temperature and reaches a broad peak between
200 K and 250 K. S(T ) attains a maximum value of 28 µV/K at Tmax = 240 K and 26
µV/K at 300 K, which fall between values associated with metals (v 1 − 10µV/K) and
values associated with semi-metals (v 102 − 103µV/K) [20]. The S(T ) assumes positive
values over the entire temperature range, suggesting that the thermopower has its origin
in a hole dominated Fermi surface. As was in the case of Sm3Co4Ge13 and Sm3Rh4Ge13,
Figure 4.25 demonstrates that the thermoelectric power, S(T ) of Sm3Ir4Ge13 also faithfully
follows the expression given in equation 4.7 with fitted parameters (0− f ) = 5.64(3) meV
and Γ = 30.19(2) meV. These parameters indicate that below the Fermi surface, Sm 4f
band is at about 65 K. It is evident that, from the respective compounds 4f band of Sm
shifts to higher energies.
4.3.8 Summary
The Sm3Ir4Ge13 compound was confirmed to crystallize in the cubic Yb3Rh4Sn13-structure
type with Pm3¯n space group. The χ(T ), Cp(T ) and ρ(T ) data indicate an antiferromag-
nitic phase transition at TN = 3.5 K, however a second anomaly just below this is observed
in Cp(T ) and dρ/dT . χ(T ) data above TN was well described by a modified Curie Weiss
behavior. The Cp(T ) data attains a very low value of Sommerfeld coefficient and ρ(T )
data reflects a semiconductor-like behavior which is well described by the phenomelogical
two band gap equation. The entropy released at TN reveals doublet ground state of the
compound. The thermal conductivity of the compound is very low and is dominated by
phonons as heat carriers. The thermoelectric power, S(T ) over the entire temperature
range is positive suggesting that the Fermi surface is dominated by holes.
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Chapter 5
Conclusion and future work
We explored for the first time the physical properties of the three isostructural Sm3T4Ge13
(T = Co, Rh, Ir) compounds. The investigations have been conducted successfully through
synthesis, crystal structure analysis and measurements of magnetic susceptibility, specific
heat, electrical resistivity, thermal conductivity, Hall Effect and thermopower. The study
revealed interesting and unexpected results. The results of this project contribute new
knowledge about the magnetic and crystal field behavior of the rare-earth element Sm in
compound form, as well as new insight into semiconducting behavior in the cubic 3:4:13
system.
Based on the synthesized polycrystalline samples, powder X-ray diffraction obtained
from the annealed samples confirmed that the Sm3T4Ge13 (T = Co, Rh, Ir) compounds
all form in the cubic Yb3Rh4Sn13 and Y3Co4Ge13-structure type with the Pm3¯n (No
223) space group. The cell volumes of the respective compounds are consistent with the
transition metals’ contraction of the ironic radius, starting from Co through Rh to Ir.
The magnetic susceptibilities for all three compounds follow a modi-
fied Curie-Weiss law at high temperatures, giving the effective moment of
µeff = 0.58(4), 0.50(2), and 0.43(5) µB/Sm, for T = Co, Rh, Ir, respectively. These
values of the effective moments indicate that Sm is in its trivalent state (Sm3+ ion) which
is associated with the ground state multiplet J5/2, and that Sm is the dominant magnetic
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element of compounds. The calculated Weiss temperatures (θp) were all negative which
signify interactions associated with an antiferromagnetic nature in these three compounds.
All three compounds show an anomaly at low temperatures (below T = 10 K) indicating
antiferromagnetic ordering at TN = 6.2, 5.0 and 3.5 K, for Co, Rh, and Ir compounds,
respectively.
At low temperatures, the specific heat for all three compounds are well described by the
approximation Debye model (equation 4.3) permitting Deybe temperature values: θD =
363.92(5), 362.87(4), and 373.08(5) K for Co, Rh, and Ir, respectively. The θD values
obtained are within the same order of magnitude and are comparable. At low temperatures,
the data are characterized by a λ-type anomaly peaking at TN = 6.2, 5.0 and 3.5 K,
which is supported by a kink-like anomaly in the magnetic susceptibility data, respectively.
However, an additional peak located at T1 = 2.5 K is observed in the specific heat data of
Sm3Ir4Ge13 compound.
The electrical resistivity for all three compounds reveal a semiconducting-like char-
acter. At first sight it seems natural to attribute the semiconductivity behavior to the
65% of Ge element (as it is a semiconductor [1]; but certain exceptions such as magnetic
Yb3Rh4Ge13 and non-magnetic Lu3Rh4Ge13 [2] prove that there is a non-trivial origin for
the semiconducting behavior in this system. At low temperatures, the first derivative of
electrical resistivity for Sm3Co4Ge13 and Sm3Rh4Ge13 show no significant anomaly, whereas
Sm3Ir4Ge13 data shows anomalies similar to those observed from specific heat data located
at T1 = 3.5 K and T1 = 2.5 K. The origin of an additional peak at T1 = 2.5 K is not yet
known and needs further investigations.
The thermal transport in all three compounds exhibit a glassy-like character with a
fairly low thermal conductivity, comparable to the behavior of thermoelectric materials.
The Hall Effect data are in support of a net hole-like electrical conduction of the Fermi
surface in Sm3Co4Ge13. The electron correlation responsible for the large and positive
thermopower in all three compounds are also observed in the electronic contribution to
the specific heat, hence creating a high density of state at the Fermi energy resulting into
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lower values of the Sommerfeld coefficient. This is supported by the Boltzmann’s theory
and relaxation time for isotropic systems, where the width and 4f-electron band location
signify the mixture of the 4f character with the conduction electron band at the Fermi
energy.
There is a systematic behavior observed in all three compounds, the compound having
the highest TN has a low covalent radius of the T atom, high effective moment, higher
Somerfield coefficient and small distance between the Fermi energy and the 4f band.
For further experimental analysis, it will be convenient to synthesize three Sm com-
pounds in single-crystal form. This will enable to study the magnetocrystalline anisotropy.
Furthermore, photoemission and X-ray photoelectron spectroscopy are needed to study
the electronic state and binding energy of all three compounds.
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